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ABSTRACT

Two decades ago archaeologists in northern Africa discovered evidence that an
antibiotic was somehow included in diet of ancient peoples, possibly affecting the health
of the population. It has been proposed that the causative organisms are Streptomyces
aureofaciens - ubiquitous, mold-like, tetracycline-producing bacteria that could have
contaminated grain products. Upon consumption, tetracyclines are incorporated into
developing or remodeling bone, remaining observable under ultraviolet light for
thousands of years. The current project focuses on an analysis of Roman-Egyptian
human and animal bone from the Dakhleh Oasis in southwestern Egypt (100 BC to AD
360). Confocal Laser Scanning Microscopy (CLSM) is used to determine whether or not
the population had been exposed to antibiotics, taking advantage of tetracycline's natural
fluorescent properties. Results show that, though nearly every sample shows tetracycline
fluorescence described in previous literature, bone from the Kellis I and Kellis 2
cemeteries display distinct differences in florescent patterning. CLSM allows three
dimensional viewing and high-resolution imaging, lending new perspective and increased
accuracy to the analysis. Previously published theories regarding the means of exposure
and resulting health affects are reconsidered. Further investigation could have
implications that overflow their archaeological context due to the multiple uses modem
science has for tetracycline therapy.
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Chapter 1

Introduction

The antibiotic legacy left to the modern world began in the early 1900s,
when penicillin and other compounds began to revolutionize disease treatment. It
continues in the present, when antimicrobial agents are added to grain feed for domestic
animals and physicians endlessly prescribe them to their patients. Today we are saturated
with antibiotics (in many cases quite literally) and issues surrounding microbial
resistance and "superbacteria" are at the center stage of pharmacological debate. Though
our realization of the impact of antibiotics on the state of human health seems to have a
rich history rooted in scientific discovery and controversy, until 1980 it was thought to
reach only into the past two centuries.
Twenty-two years ago, however, researchers in Africa made a discovery that
surprised not only themselves but the medical community as well. Quite by accident,
they had discovered tetracycline (a type of antibiotic) embedded in human bone over
1400 years old (Basset et al. 1980). They attributed its presence to antibiotic-producing
bacteria called Streptomyces aureofaciens. Shortly thereafter, researchers working in
Egypt made the same findings (Cook et al. 1989). Now, the topic of ancient antibiotics is
revisited, focusing on bone collected from the ancient village of Kellis and two associated
cemeteries located in the Dakhleh Oasis, Egypt (BC 27 - 360 AD).

The primary goal of this project is to determine if antibiotics are present in the
Kellis remains, but it is first necessary to address the questions and theories of previous
researchers regarding the source of ancient antibiotics and what health effects they could
have had on exposed populations. In order to accomplish these goals and understand the
implications of testing results from the Kellis remains, comprehensive review of the
literature addresses general information regarding the site's history, various issues related
to tetracyclines, their production, and their behavior in the human body. Descriptions of
the Dakhleh Oasis' geographic, political, and social environment appropriately sets the
stage for the topic but special attention is paid to food production and storage and cultural
concepts of medicine and health.
Because tetracyclines in an ancient context must have been ingested along with
food, it becomes important to review elements of the Roman-Egyptian diet and methods
of food production. Foods that were popular could have been agents for tetracycline
incorporation into the body, as is told by the high frequency of tetracycline in samples
from previous studies. Harvesting, storage, and preparation of grain products, such as
bread and ale, are discussed in detail because they are the candidates most likely to
become laden with tetracycline accumulations.
Another worthy area of focus is the Egyptian-Roman perspective on health and
illness. Most researchers assume that the Egyptians would have been ignorant of the
presence and/or effects of tetracycline in their food. Further investigation reconsiders
this question through analysis of the nature of the Egyptian medical system, discussing
the degree of Egyptian medical knowledge, as well as the magical and religious
ideologies that define and affect their perceptions of health.
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The next section focuses on the major source of evidence for the occurrence of
tetracyclines in archaeological material: the bones. Tetracyclines only permanently
incorporate into currently mineralizing bone. Thus, the processes of bone formation and
maintenance that take place in the living tissues of the individual become extremely
important. To facilitate discussion, basic bone terminology is reviewed as well as the
types of bone, their development in utero, and their resorption and remodeling.

It is then that the main player takes center stage during a description of the
tetracycline family of antibiotics, their differences and similarities, as well as the basic
chemical structure. This leads directly to issues surrounding tetracycline and its effects
on health: combating diseases caused by microorganisms, inhibiting bone degeneration,
and disturbing fetal development.
As alluded to previously, tetracycline is produced by Streptomyces aurofaciens,
very popular soil bacteria that probably infested some types of food, resulting in the
ingestion of the antibiotic. In order to develop a workable hypothesis concerning how
this could have happened, various topics in bacterioecology are addressed. These include
life history traits, reproductive cycles, limitations on tetracycline production, and
chemical and physical habitats conducive not only to growth but also production of
antibiotic metabolites.
After the basic archaeological and biological background has been constructed,
the project at hand can be related, focusing on the method of testing, Confocal Laser
Scanning Microscopy (CLSM). General principles of fluorescence are reviewed and
CLSM is compared briefly to the original techniques used in previous research. The
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functioning of the confocal laser-scanning microscope is revealed in detail so that the
specific contributions of the technology to the topic are made clear.
The actual histological observation of the samples is accomplished using the
natural fluorescent properties of tetracycline to view and record any existing tetracycline
"labels" that may be present. Results are then compared to images and descriptions
offered by previous researchers on the topic in order to discern 1) whether the
fluorescence observed can be attributed to the antibiotic, tetracycline, and 2) provide
evidence for its incorporation into hard tissues during the lifetime of the individual.
The focus of observations in this experiment will be to describe various forms of
fluorescence and their general presence within cemeteries and individuals.
The objective of this research is to provide observational data on labeling in the
Kellis remains and to offer a synthesis of information on the topic of ancient antibiotics
in general. The most probable causative agents will be revealed and possible health
effects, reviewed. Only through a cross-field approach such as this, utilizing
contributions from fields as diverse as archaeology, biology, biochemistry, histology,
microscopy, and osteology, will it be possible to holistically and accurately examine this
subject and yield viable conclusions.

4

Chapter 2

Review of the Literature

2. 1 Of Antibiotics and Archaeology
In order to give this project proper perspective, it is necessary to describe its place
within the academic history of the topic. Though the discovery of antibiotics in an
archaeological context is unusual, previous research has been conducted on the matter
(e.g., Armelagos 2000; Bassett et al. 1980; Cook et al. 1989; Keith and Armelagos 1988).
The current study is simply a continuation of this line of effort and, as such, depends
heavily on the results and theories of pioneers in the subject. Gaining an understanding
of previous research lends scope, accuracy, and direction to the project. Toward this
goal, each of the cornerstone works related to the archaeology of tetracyclines will be
considered and reviewed.
Bassett and fellow researchers (1980) were the first to document the existence of
antibiotics in an archeological context. They made an extremely fortuitous finding
during analysis of archaeological material from a site in Sudanese Nubia. Located in the
Sudan near the west banks of the Nile River, this site, termed the "X-group", is
representative of the Pre-Christianity Ballana Period (from AD 350 to 550). The people
inhabiting this area were, like most others of the time, farmers of the floodplain. Over
1,400 years later, their cemeteries offer reliable data on the population's, size, health, and
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burial traditions. Due to the extremely dry environment, levels of bone preservation are v
high and natural mummification is not uncommon. The nearly unaltered structure and
chemistry of hard tissues, not to mention the impressive size of the sample contributed to
the plausibility of extensive histological analysis for purposes of pathological
investigation.
During microscopic examination of collected skeletal material, researchers
discovered something unexpected while observing samples under ultraviolet light. At a
UV wavelength of 490A every individual of 42 tested, displayed fluorescence in their
bone. Yellow-green rings about 5 to 10 um in thickness could be seen encircling certain
osteons (~30% contained some sort of fluorescence) (Fig 2.1). The authors argue that
the patterning of the label, its hue, and absorption wavelength were all congruent with
antibiotic labeling in vivo, specifically by oxytetracycline - a member of the tetracycline
group of antibiotics.

FIGURE 2.1 Osteon fluorescence attributed to tetracycline incorporation by Basset et al. in 1980.
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Bassett and colleagues ( 1980) suggest that the presence of this compound in the
bones of the X-group population could have many effects on health, including:
prevention of infectious disease, disruption of infant bone formation, and th~ disturbance
of spermatogenesis and phagocytic activity. Arguing that the antibiotics were not
necessarily intentionally used for medicinal purposes, Bassett and company proffered a
strong hypothesis regarding incorporation. Mold-like bacteria that naturally produce
tetracyclines (Streptomyces aureofaciens) could have infested wheat or various other
grains stored for safekeeping. Upon consumption of these spoiled foodstuffs
tetracyclines would be locked into forming or remodeling bone. Though useful, this
theory did not go unchallenged.
Because implications of the discovery were great, it received some criticism from
other researchers in the field. Piepenbrink et al. (1983) published an alternate perspective
on the issue. They questioned whether the fluorescence found in individuals from the Xgroup could have been the result of post mortem microbiological and fungal invasion
rather than in vivo incorporation.
In answer, two of the original researchers of the X-group, Margaret Keith and
George Armelagos, responded (1988). Mould infestation would have the capacity to
cause fluorescence, but the pattern of labeling would be quite different. They pointed out
that fluorochrome (a term used generally for a fluorescing material) in the Sudanese
Nubia material appeared in distinct lamellae and was only found in association with
osteons calcifying at the time of exposure, thus supporting the in vivo model. In contrast,
fungal penetration would cause only diffuse Fluorescence (Fig 2.2) and would be
histologically obvious (Fig 2.3 and 2.4).
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FJGURE 2.2 Diffuse fluorescence in a Native American example (Basset et al. 1980).

FJGURE 2.3 Tunneling due to fungal invasion of bone post mortem (Hackett 1981).
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Microbial invaders take advantage of moist environs to "tunnel" through cortical
bone or inch their way through the existent vascular system (Hackett 1981; Marchiafava
et al. 1974). Not only is this in conflict environmentally, the X-group's highly xeric soils
retard most fungal activity on this scale, but no disturbances in the bone structure could
be found (Keith and Armelagos 1988). No tunnels, canals, resorption pits, or foci were
present in the sample to support any assertion that fungal invaders could be the culprits.
Keith and Armelagos (1988) also described, in detail, histological phenomena that
could only be accounted for if the label was garnered during the lifetime of the
individual. Unfluoresced osteons were neighbors of labeled osteons; fluorescent osteons
overlapped adjacent, and older, non-fluorescing osteons. These occurrences could only
be explained by the in vivo model, which allows that only bone material forming at the
exact time of exposure may be marked, the rest would remain unaffected. A final piece
of evidence validated Basset and his fellow researcher's original assertions (1980),
securing the position of their assertions in the literature.
At the same time Keith and Armelagos were defending their findings, Cook,
Molto, and Anderson (1989), discovered similar staining in human bone and teeth from
the Dakhleh Oasis in the deserts of southwestern Egypt. Using the same fluorescent
microscopy technique, they analyzed samples taken from 'ein Tirghi (~800 BC), a
cemetery to the west of the Kellis sites. Like the material investigated by Bassett et al.
(1980) dental and bone tissues recovered from the Dakhleh Oasis displayed the
fluorescent qualities, differential labeling, and patterning indicative of pre-mortem
tetracycline incorporation (Fig 2.4).
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FIGURE 2.4 Osteon fluorescence attributed to tetracycline incorporation by Cook et al. (1989).

Surprisingly, yet again, every individual (n=40) tested positive for tetracycline
fluorescence when compared to 25 known modem examples. Because the pattern of
fluorescence marked each distinct exposure event, these events must have been separated
by time. In a slight modification of Basset et al. 's incorporation theory, Cook et al.
surmise that these gaps between exposures could be explained by seasonal food
scarcities, perhaps forcing consumption of typically discarded, contaminated grain. As
the authors noted, however, many questions still needed to be answered. It was not
known whether therapeutic levels of the antibiotic could have been formed under the
circumstances of the standing theory, nor were the full extent of possible health effects
obvious.
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Twelve years later, George Armelagos published a more popularized follow-up
report (2000) in Natural History. The article tantalizingly alludes to unpublished and
unverifiable data and addresses issues of the ecobiology of Streptomyces aureofaciens.
Armelagos had a new understanding of tetracycline production, one that prompted him to
disregard his previous theory of contaminated grain for one of contaminated ale. A pilot
study performed by undergraduate students showed that Streptomycetes introduced
during the ale-making process produced "significant" amounts of tetracycline although
this test remains unverifiable and non-quantitative. Armelagos also noted that recent
research in Biochemistry and Molecular Biology has shown that tetracycline has many
bone effects, independent of its antibiotic activity.
The goal of the current research is to test the geographic and temporal spread of
ancient antibiotics by examining material from Kellis 1 and Kellis 2 cemeteries at the
Dakhleh Oasis. Where did the tetracycline come from? Did the consumption of
antibiotics in this part of Egypt occur for over 1,000 years? Could it have achieved
therapeutic doses in the body? If so what health effects could be expected? The current
project has been created with these questions in mind. But before answers can be
discovered, the greater context of the site, its culture, its people, and their health must be
considered.
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2.2 The Dakhleh Oasis
This section will address relevant findings regarding various enviromnental and
social aspects of the Dakhleh Oasis, creating a historic and cultural context in which to
place the current project. To provide a general understanding of the inhabitants and their
way of life, included is a general historical background. Of particular interest is the
politico-economic structure of the Dakhleh Oasis society as it pertains to the time period
under examination (27 BC to 360 AD). Various aspects oflifestyle as topics of direct
importance: food production, processing, storage, and consumption as well as RomanEgyptian medical practice and concepts of health will be considered in-depth in separate
sections. The information provided is the result of the cumulative efforts of many
researchers over 24 years of study.
Directed by Anthony Mills, the Dakhleh Oasis Project (DOP) was formed in 1978
to examine inhabitants' social and biological adaptations to the surrounding environment
- from Neolithic to present (Mills 1984). Since the program's inception, a team of
international researchers from various fields, working with the Society for the Study of
Egyptian Antiquities and the Royal Ontario Museum, has been involved in rigorous
archaeological examination of the area. More than 400 archaeological sites have been
discovered since the project began, many of which have been excavated (Dupras Personal
Communication 2002). From the perspective of the current .project, an effort of this
caliber supplies an understanding of various possible cultural nuances that may have
affected or accounted for the appearance of antibiotics in human bone 2000 years old.
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2.2.1 The Environmental, Geological, Political, and Economic Atmosphere at the
Dakhleh Oasis
The Dakhleh Oasis rests in a remote geologic basin 660 km SSW of Cairo (Cook
et al. 1989, Giddy 1987) and is approximately 2,200 km 2 (Fig 2.5). Located deep in the
desert, temperatures at Dakhleh range from 0° C to 50° C (the daily average is 24° C),
precipitation is rare, and wind speeds reach 20 m/sec (Doering and Gericke 1984). As
can be imagined, available water in this environment would be the primary consideration
for maintenance of a population. Within the Nubian Sandstone Series lays a vast but
rarely accessible aquifer that runs under the entire Western Desert (Doering and Gericke
1984). This aquifer was the life's blood for inhabitants of the area for over 2000 years
(Giddy 1987). In all probability, since ancient times, water management (irrigation
control) was a major factor in the social organization of the Dakhleh people.
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FIGURE 2.5 Map showing the Dakhleh Oasis in relation to the Nile River Valley (adapted from
Giddy 1987).

14

By the Third Intennediate Period (1069-702 BC) (Breasted 1937), various trade
networks had already been established into Nubia, the Red Sea, Syria, and the Western
Area (Petrie 1923). Though becoming less strictly regulated, all trade was still under the
control of the King, while his appointed assistant, or vizier, tended to the domestic
economy (Petrie 1924). During this time, the King of Egypt, as the ritual and secular
ruler, had boundless power, but that soon changed.
For the last 600 years of the Third Intermediate Period Egypt was under one or
another foreign control until 323 BC when Alexander the Great took over (Ellis 1994).
The earliest bone samples used in the current study are taken from this era, the Ptolemaic
Period (circa 330 BC) (Bevan 1968). Where before, Egyptians had remained a
homogenized people, now immigrant Macedonian farmers were settling the area. Two
distinct "classes" were formed: the aristocracy, mostly composed of Greeks and
Macedonians, and the native inhabitants, who accepted a marginalized position in society
(Bevan 1968). The Ptolemaic Dynasties however affected Egypt as a whole in a positive
fashion, comparatively.
Agricultural neglect and the foreign invasion of the Egyptian market during
centuries of domination had rendered its economic system inefficient at best. The
Ptolemaic system however, regionalized ecconomic control and placed under an
extremely powerful king, a national ecconomic advisor, and a national accountant
(Breasted 1937). Trading networks expanded exponentially, _ports and trade outposts
grew, and finally Egypt began to capitalize on goods moving from India and South
Arabia through to the Mediterranean, continuing to do so far into the Roman Period.
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In 27 BC the Roman Emperor, Augustus, gained control of Egypt and made it a
Province of the Roman Empire unlike all others. As if governance in Egypt were his
personal pet project, he placed in control a prefect rather than a proconsul as in other
Roman provinces. This prefect had several administrative personnel under him to assist
with governing issues such as civil governance, accounting, religion, property and
revenue (Wells 1992). The epstratego, the political leader of each of four main
administrative regions ruled over the strategos (governors) who presided over smaller
units of political division called nomes (Bagnall 1993 ). Below this level there existed the
town council, of which the head was called the liturgist (mayor) (Bagnall 1993).
This system streamlined the Egyptian economic system, boosting trade, especially
exports. Agriculturally, Egypt was a breadbasket, producing 1/3 of their net wheat yield
solely for export to Rome (Bagnall 1993). Also among the most productive exports were
barley, olive oil, dates (Bagnall 1993).

2.2.2 Food: Production, Processing, Storage, and Consumption
Stable isotope analysis and the written and archaeological records must all be
combined to accurately depict the food habits oflong dead peoples. Toward that end,
and using these methods, Dupras (1999) compiled a Dakhleh "menu" to list the foods that
would have been available in the area. As an additional source of information on the
matter, Dupras referenced the Kellis Agricultural Book (KAB), a surviving set of wooden
tablets that contains a valuable and diverse account of agricultural data in the Dakhleh
area (specifically the ancient village of Kellis) (Bagnall 1997).
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To begin a discussion on food consumed by the Dakhleh people, it is necessary to
analyze infant feeding and weaning patterns. Any effect nutrition may have on infant
survivability drastically affects a population. In addition, because several of the medical
effects of tetracycline are transferred from mother to fetus, it will be important to develop
concepts of infant nutrition. Unfortunately, there is little information available on the
topic iconographically and so stable isotope analysis provided by Dupras (2001) will be
used to corroborate what little information resides in documentation.
Infants throughout the Pharonic Period and the Roman Period were weaned
extremely slowly; breast feeding regularly continued up to three years of age, though it
seemed to shorten toward Roman times (Dupras 2001). Wet nurses were used, probably
most commonly in the upper social classes or in cases of emergency (Dupras 2001).
Introduction of supplementary foods began at around 6 months of age, consisting of
honey and domestic animal milk (primarily cow and goat), milk and cereals, and eggs
and porridge (in chronological order) (Dupras 2001). As per Roman conception, upon
dental eruption, infants were introduced to solid food gradually, the first most likely
being softened bread (by addition of milk or wine), progressing toward pre-masticated
meats and vegetables (Dupras 2001 ), and on to more substantial foods.
Dupras' isotope analysis conclusively supports the main concepts of early
introduction to supplemental foods (cow or goat milk) and late weaning (2001 ).
Ironically, the efficacy of such supplements is in debate; it is questionable whether they
were beneficial to infants. "Mother's milk is in itself complete nourishment for a new
infant" (Fauve-Chamoux 2000, p626), even in comparison with a wet nurse. Dupras
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points out that honey can cause botulism and goats' milk may lead to an iron absorption
deficiency, resulting in megaloblastic anemia (2001 ).
Juveniles, young adults, and old adults alike depended on cows, pigs goats, camel,
donkey, gazelle, heartebeast, hare, pigeon, duck, geese, ostrich, fish, and, later, chickens
as sources of protein (whether through consumption of flesh or secondary animal
products such as milk or eggs) (Darby et al. 1977). Though cows are found at Kellis and
consumption is not in question, the overall number of bovine kept is most likely low due
to their substantial cost. In addition, the value of milk and associated products, not to
mention a slight taboo on bovine meat, kept most cows from an unfortunate end .(Darby
et al. 1977). One of the most common animals represented in the archaeological record,
the pig, was widely considered taboo until well into the Roman Period (Darby et al. 1977;
Lewis 1983). Second only to pigs in abundance, goats on the other hand, were raised for
meat, cheese, and milk quite frequently throughout Egyptian history. Some animals
maintained their value as work animals and so were infrequently consumed, such as the
camel (Bulliet 1975), donkey (Darbey et al. 1977), and perhaps the cow. Others, as game
animals, were hunted well into the Roman period as a supplement to the. As in most
cultures however, the bulk of the diet consisted of grains and other flora.
Various vegetables and fruits were also included in the normal diet for Egyptians.
Several types of pulses (ie, fava bean, lentils, lupines, peas, vetch, and chick peas) were
consumed but the KAB only describes two: "arakia" (thought_to be fava bean) and vetch
(Bagnall 1997). Beans were probably more accessible to the common class than fresh
vegetables; only the well-to-do had the room to plant personal gardens (Thanheiser
2002). Some of the vegetables represented either through botanical or literary evidence
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are turnips, artichokes, celery, gourds and cucumbers, garlic, and (Thanheiser 2002). In
addition certain fruits are also represented in the archaeology and texts of Dakhleh. The
most common and important were olives, dates, grapes, and figs. Herbs (eg. anise,
coriander, cumin, fenugreek, and rosemary) and sweeteners (honey, sugar beet, and sugar
cane) were also integral to Egyptian cuisine (Bagnall 1997). As is shown, the diet of the
Egyptians had always been diverse and only became more so with its incorporation into
the Roman Empire (Table 2.1 ).

TABLE 2.1 Dupras' (1994) list of dietary elements in the menu at the Dakhleh Oasis during the
Ptolemaic and Roman Periods.

Animal ·P.roteiu

F.ield Crops

Garden Plants

Wheat

Turnips

Cows

. .......... ..... ., ., ............ :· ...... ·--····. ......... .. . ..... ~- .. .. . ............... ........ ......... ......... ............................................... _,. .......

Pigs

Barley

Goats

Millet

Other

Fruits & Nuts

Honey

Dates

................. . ..." ... ........... ...... .··-·

. ,_,._ ......... ...... ........... .. ........ ......... .... .. .
-

•

Doum Palm Nuts

Coriander

Legumes

Figs

Cumin

Onions

Olives

Dill

Pomegranates

Fennel

.

Garlic

.........~' ........ .,_ ............ ...... ., ................. .. ....... ... ..... .,.. ... ...................... . .. ....... . .... .. ....

. .... .

. .,. ......... ~.... . ..... ........... ... ..... .. ...... .......... ..... . . .... . .... ................ ....... .. ............................................ . .. ....................................... ........ ...... ... .......... ................. .................. ........
~

Sesame

D nke s

.... ~.~ ..... ~ ................................................ .......................... . .. .. ........... .............. ........ ... ........ ............ ............. .............. ......................... ........ .

Cucumber

Calilels
. .. . . . . ...... . . . . . , . • , , . ,.,.,. . , . ,- • .. • • • • " • • • • • • • • •

Pigeons

.. .... ... . . ......... . .. . .. .. ..... . .. ....... . ,.,. • ., ,•• • •• •

....... u

. ·- ............................ ·-··. ..... . ............

. . ..... . . ...... ~·· · •• • • • • • • • • • ..... , ,.,,. ,

. .... . . .... • • ••• ••., • •••• ·•., ••• • • ••••>•••• " •••

Gourds
Artichokes

. .. •••••••n • •••• ...... .. . .. ••••• .. ••• • • •• •

Geese
Ducks

.... . .... ... ... _.,

. ...... ....... ........

.... .

.. ... .. .......

. .......... ......... . ...

_.~..

.. .. .

.

.... . .................... .......... ·-·~- .. . ... .................. ......... ................... ..... .

Jujubes

•

•

•• • •

.... ............~~~j?~~~~~

Carob
Almonds

. . ..... .......... .. . .... ......................... .,...... ..... . .. .. ......... ..........

_ .....

Mint
..

Rosemary
..

Apricots

Eggs

Safflower
.Fi~i~································· .............................. ......................................................_·.-~...·. :.·.·.·.·.·::.·.~-.~·~~~~~~~·.·.·.·.·.·~.·.·.~·.·:..·.·.~.·:.·.·.·~····-·. ·! ~i.·~·;.1.~~·:.·.···········

1

...... . ........ ...........·-·~--·. . .. ..... ........· ............ ......... ..............................................., ...........·-· ......... ... ..

,

_

Gazelle

.

. . . ... ... ......... .. ............... . ... ·-...... ..... ...... . .,. . .... .. ........... . ... . . ....... .... . .......... .·..... ...... ......... .......... ... ... ..... ·-- ·..
~

Pears

... . ......... , ..... ....... .... ·-··... .. ............ .......... ..... ....... ............. .

Cherry
. ?.T.. . . ................ .... . . . . . ............ . . . . . . . . .. .. .... . . ... .... . . .. . .. . .,. .... . ... ... ..........................
.... . .
Hartcbeest

.................. ·----· .. -......... ...... . ....... . ........... ..... ................................ .

Hare
.

.

.

Mustard

Citron

. Ami

.

Anise

.... ..... ..................... ........... ' ... ..... ........ . ... . .:............... ..·........... .....~~·-·~· .................· ..... ...... .... .,
.;

. ..,.............. .......... .......... .

:.

AJ>ples

Ca1>er

Walnuts

Laurel

Pistachios.

Pepper

.. ..

.~~.~~.~c.~~~ . ..,... . . . . ..... . . . . . . . .,. . . ,. ..... . .. . . .. .. . .... ... . . . . . . ... . . . . . ·. . . ....,. . . .. . . . . . . .... ...... . . . . . . . . . . . ..... . .. · · ···
·

...... .. ................. . . .... .........,........ ....... . ............. ...... ................... ....... ...... . . ... ... ..... .
~

.

Hazelnuts
Pine Nuts

19

Wheat, barley, and sorghum were all grown in Egypt, either for human food or
fodder for domestic animals (Darby et al. 1977). Barley (possessing the important ability
to withstand hot and arid climates) and sorghum contributed greatly to the diet of
Egyptians - both in supplemental fashion during production of bread and ale and in the
procurement of feed for cattle and horses (Darby et al. 1977). In general they were
mostly considered inferior to wheat. The two most popular species of wheat grown
during the period under study were Triticum duram and Triticum aestivum (Darby et al.
1977), tetraploid and hexapod species respectively. Various archaeological finds and
documentary evidence, including the agricultural accounts of the KAB, attest to wheat's
importance in the Dakhleh Oasis (Bagnall 1997; Darby et al. 1977).
All over Egypt production of wheat was prolific - in some seasons, wheat could
be harvested three separate times (Darby et al. 1977). The grain was stored in large
platform-like silos that were filled at the top through small openings and accessed at the
bottom through portals. It was at the silo that scribes kept records of harvest amounts and
consumption while overseers managed the workforce (Fig 2.6). Wheat and other cereals
were used as currency for taxation, tribute, and donation (Darby 1977) and large amounts
were exported from the Dakhleh Oasis to the Nile valley (especially during dry season or
drought), and to Rome itself (Bagnall 1997). In its most important role, however, wheat,
in the form of bread, soup, porridge, and ale, was the staple of the Egyptian diet,
especially during Ptolemaic and Roman times (Bagnall 1997)_.
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FJGURE 2.6 Grain silos and associated workers, scribes, and overseers (Darby 1977).

Generally, bread production followed the typical procedure as described in detail
by Darby et al. (1977). Wheat and or barley was harvested using scythes (Fig 2. 7),
threshed, winnowed (Fig 2.8), and was ground between mortar and stone on an incline (in
ancient times) or by rotating wheels (circa 300 BC) to grind the grain into flour. That
accomplished, the flour was sieved as best as possible, kneaded in to dough either by
hand or foot (if in large quantity), and was fem1ented by addition of yeast or sourdough
(Fig 2.9). The dough, sometimes enriched by honey, sesame, anise, or fruits, was then
shaped and baked in special ovens. As Bresciani ( 1997) also notes, moulds consisted of
various shapes (including cones, disks, hexagons, roundels, crescents, or animals) (Fig
2.10 and 2.11).
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FJGURE 1.7 Workers harvesting grain (Balkwill 1994),.

FJGURE 2.8 Threshing and winnowing of grain (Balkwill 1994).
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FIGURE 2.9 Bread making (Darby 1977).

FIGURE 2.10 Triangular and semi-circle shaped bread (Darby 1977).

23

FJGURE 2.J 1 Bread in the shape of a human (Darby 1977).

Bread was not just a daily item for consumption and trade; it was incorporated
into the religious and social structure of Egypt, from ancient times to Roman (Bresciani
1997; Bagnall 1997). As evidenced by the literally indeterminable number of names for
different qualities, sizes, and shapes of breads, this was a topic of much focus for
Egyptians. Production oflarge quantities of various types of bread extended from the
barley loaves for the poor to bread fit for divine offerings - even the shape of the loaves
had some ritual significance (Bresciani 1997; Darby et al. 1977). Certain breads, such as
"katharos" ("clean" or "white" bread) were consumed by the noble classes and contained
better quality wheat (Bagnall 1997). As testament to the quantity consumed, military
rations could number 1,800,000 rolls a month for 3,000 men (Darby et al. 1977).
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Occupying a position in the diet second only to wheat was ale, a beverage made
of fermented wheat and barley. The first occurrence of ale (the term "beer" is often a
misnomer and should be used to describe brewed alcoholic beverages in which hops as a
main ingredient) can be archaeologically identified from around 4000 BC, but
realistically had been developed perhaps as early as agriculture itself (Cantrell II 2000).
Linked both by similar usage, ingredients, and complimentary production methods, bread
and ale were often made at the same location and were nearly always in association with
one another (Bresciani 1997; Darby et al. 1977) (Fig 2.12).

FIGURE 2.12 Egyptian mural depicting the bread and ale making process and their connectedness
(Darby 1977).

25

Aside from the obvious recreational effects of alcohol consumption, ale was a
worthwhile addition to the Roman-Egyptian diet. Unfortunately, the nutritional value of
ale is often underestimated, despite the fact that it contains large amounts of
carbohydrates and sugars (Cantrell II 2000). This was not unknown to the Egyptians,
however, as is made clear by the use of the phrase "bread and beer" as both a reference to
food in general and, oddly enough, as a greeting (Darby et al. 1977). Ale was also a
common element in therapeutic concoctions (See following section). Egyptian ale, or

bousa, is still made today in rural areas using a technique that is a few millennia old
(Bresciani 1997; Cantrell II 2000; Darby et al. 1977).
Several different methods of production were used but all share relatively similar
means. Ale was made from half-baked bread so that the yeast could grow in the warm
doughy center in the oldest method. The intentional addition of yeast began around BC
1500 (Bresciani 1997). Before then the bread was either allowed to sit (picking up
airborne yeast naturally) or a bit of the last batch was added to the next, transferring the
yeast (Cantrell II 2000). The bread was then added to a vat of warm water and crushed
barley (Bresciani 1997), a mixture often called "wort" by modem brewers. Soaking
barley in this fashion releases compounds called diastases which breakdown starches into
sugars, sweetening the mixture, but, most importantly, supplying yeast with nutrients
necessary for the fermentation process. The familiar byproducts of this process are
alcohol and carbon dioxide. The mixture was set out in large terracotta jars to achieve
the desired level of potency and for the soupy liquid to be strained to the requisite
consistency (Bresciani 1997).
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The resulting beverage is thick, has a strong odor of yeast about it (Darby et al.
1977), and is of debatable alcoholic strength. Some sources describe it as quite potent
with a hue ranging from red to near black. Armelagos (2000), however, describe5 it as a
weak beverage, which may simply be due to the fact that Egyptian ale could have been of
variable alcohol content. Though there are no references to ratios of grains that may alter
the taste, evidence suggests that dates were sometimes used to add flavoring (Darby et al.
1977).

/

2.2.3 Health and Medicine in Ancient and Roman Egypt
The importance of discussing contextual circumstance has already been qualified.
Though this type of external reconstruction is necessary, it is equally vital to glean
information from the emic perspective, however challenging this may be. Any discussion
concerning the health of a people is incomplete if their perspective is omitted. It is
impossible to truly understand the Dakhleh inhabitants, and thus the issue of ancient
antibiotics, without including a description of Roman-Egyptian physicians, medical
technology, and cultural conceptions of health. That ancient peoples were unknowingly
consuming tetracycline-laden food is assumed. Reconsideration of this assumption sheds
light on new perspectives surrounding tetracycline and its place in Egyptian society.
Much of the material written on this subject refers to "ancient" Egypt.
Descriptions this period of Egypt's medical history may be directly pertinent to the topic
at hand if the duration and spread (within both time and space) of ancient antibiotics is
found to be as profound as research hints. Examination of the old ways of Egyptian
healing, when combined with the Roman perspective will serve as base from which to
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weave the socio-medical fabric of Ptolemaic and Roman-occupied Egypt in an effort to
understand the position of antibiotics within the cultural constructs surrounding health.
By far, the most valuable contributors to this topic are the writings of Hippocrates
(430-330 BC) and Galen (130-200 AD) and, of course, the Egyptian Medical Papyri
themselves - of which only twelve survive (Nunn 1997). Though most modem authors
agree that the ancient Egyptians had an extremely advanced comprehension of the human
body and its ailments (El-Assal 1972; Nunn 1997; Thorwald 1962}, many disagree as to
the extent of such knowledge. Because, as in all topics of an archaeological nature,
evidence is fragmentary, records are incomplete, translations are debatable, and
iconography is subjective, many of the canons of Egyptian medicine have fallen under
criticism. Therefore, the evidence that is stable in the literature will be the primary focus;
other possibilities will be discussed as such.
Before it is possible to describe the specifics of disease treatment in any culture, it
is necessary to first address determining factors of health from the perspective of the
people. In Egypt as in Rome, health was considered a delicate balance of energies or
temperatures (Jackson 1988; Scarborough 1969; Thorwald 1962). Roman physicians
concerned themselves with the four elements, relating them to the "humours" of the
body: blood, black bile, yellow bile, and phlegm (Scarborough 1969). These
"substances" in balance indicated health - in overabundance they were countered with
exercise, drug therapy, and bleeding to restore equality (Scarbor~ugh 1969). Egyptians
noted temperature in much the same fashion. "Inflamed" organs were treated with
"something cool" in order to draw out the heat, and vice versa (Thorwald 1962). During
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the Roman Period these ideas became the subconscious background for medical
discussion.
The physician and the patient alike recognized other, more mysterious and much
more powerful, factors contributing to health. Treatments often involved what modem
science would call "magic" and "religion".
Underlying the magician's practices were certain assumptions about the world:
that by imitating a desired effect one could produce it, and that things formerly in
contact with one another could continue influencing each other after they had
become separated. Magic was, consequently, part of an eminently rational theory
about the universe, according to which certain caused or actions produced
foreseeable effects (Frey 1986).
That is to say that concepts of imitative and sympathetic magics (respectively) were
ingrained not only in the accepted cosmology but also in the very cognition of the
Roman-Egyptian.
Various gods and goddesses were associated with positively and negatively
affecting illness. For example, the goddess Isis is the primary healer of humans. Her
benevolence would be invoked through a patient's identification with Horus, her son,
pleading for aid (Nunn 1997). Occupying a slightly lower rung on the supernatural
ladder, "daemons" or "breaths of death" could enter the body through various orifici
(Nunn 1997). A reliance on these external forces becomes most noticeable when one is
unaware of the cause of malady but all too familiar with the effects, representing the
more ancient side of Egyptian medicine.
Though the involvement of the supernatural in medicine ts now regarded as the
domain of the swindler and the crackpot, to the people of Egypt these concepts
formulated their definitions of health and therefore were stable elements of the medical
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profession. It is tempting to devalue all such notions but it is extremely important to
recognize that non-scientific belief and the resulting behavior can have just as drastic an
effect on the health of a population as scientific "fact". These ideologies may seem to
exist in opposition, therefore it seems possible to ascertain differential efficacy of each
methodology. To the Egyptians however, the dividing line was non-existent and in many
cases multiple approaches would be used in the healing process.
Though the means of the Roman-Egyptian healer were in some ways quite
different from those of modem society, in others they were unmistakably similar. The
functionalism employed in modem medicine had its roots in early Egyptian and Roman
concepts; the idea that each part of the whole had a necessary function and that through
study and application of curative arts, one may ameliorate an ailment by processes of
examination, diagnosis, and treatment - mechanical or spiritual. As is often the case
however, as knowledge increased, dependence on the supernatural became gradually less
obvious. This formalization of methodology and the focus it requires accounts for the
incremental institutionalization seen in the physicians' field, from self-declared shamans,
to apprenticeships and centralized education.
The medical system employed even in "ancient" Egypt, was likely more
complex than most researchers give credit. Although Nunn (1997) disagrees on grounds
of uncertain translations and iconographic interpretations, El-Assal (1972) and Thorwald
(1962) discuss an involved system through which apprentice doctors are trained at
various levels of expertise in specialized schools of medicine, or "Houses of Life",
associated with major temples. As today, healers held many different positions, their
skills varied accordingly. Assistants were knowledgeable in bandaging and other simple
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treatments (El-Assal 1972) and were necessary especially during surgery to immobilize
or position the patient as well as assist the surgeon directly. Among established
physicians there also existed a ranking system identified by their work locations and
social status. Doctors could be viziers or relations of the Pharaoh, finding employment in
the noble strata (Nunn 1997). Just as easily they could be simple commoners tending to
workers, slaves, or even domestic animals (Nunn 1997).
Evidence that physicians were part of a highly specialized network of healers,
even in ancient times, can be found in the nature of the "Holy Book" (El-Assal 1972) and
six medical papyri from between 2000 BC and 1500 BC. The Holy Book provided
records of successful diagnoses and treatments and was used as a tool of learning by
students of the art. In like fashion, the Medical Papyri of the time consisted of case
examples and general descriptions of treatments as well as detailed lists of ingredients
used in herbal and animal remedies. Translation of the Kahun, Ramesseum IV,
Ramesseum V, Edwin Smith Surgical, the Ebers, and the Hearst Medical Papyri reveals
thousands of years of structured, recorded, therapeutic effort (Frey 1986) - a feat not
undertaken by a rabble of untrained charlatans.
As part of their formalized training, physicians were held to a strict code of ethics
surrounding treatment and care of patients (El-Assal 1972; Nunn 1997). This "code"
went so far as to require the death of a physician that attempted novel, unsanctioned
methods that had a negative result on the patient (El-Assal 1972). Perhaps because
Egyptian physicians acted under such strict regulation they avoided many problems faced
by their Roman counterparts. Doctors in Rome sometimes suffered from tarnished public
opinion resulting from their whimsical application of treatments and tools to
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unsuspecting patients (Scarborough 1969). As can be imagined, the specific laurels
offered to a healer depend on his success as well as his social ranking (an occurrence
shared in the Roman and even the modem case).
Egyptian physicians had an in-depth knowledge of the human anatomy
considering the time period, possessing various terms for the internal and external organs
(Fig 2.13) - a side effect, no doubt, of secondary burial and the ceremonial process of
mummification. By the Ptolemaic period, human dissection for "scientific" purposes is
also evidenced (Nunn 1997). Though there are many obscurities in their anatomical
conceptualizations, it is clear that they had an understanding of the functioning of the
heart and various heart-related diseases, recognized cerebrospinal fluid (El-Assal 1972),
and were familiar with the functions of the reproductive and gastro-intestinal systems
(Nunn 1997). Some confusion exists over the physicians' opinion of the brain. Nunn
regards the fact that this organ was discarded upon mummification as grounds to argue
that its function was unknown, whereas El-Assal states that Egyptian doctors commonly
associated vision changes and paralysis with the brain.
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FJGURE 2.13 Egyptian terminology for the organs of the human body (Nunn 1997).

Physical trauma was a specialty of Egyptian physicians. Bones were set,
dislocations reduced, and jaws realigned in much the same fashion as today (El-Assal
1972; Nunn 1997). Surgery was a last resort (El-Assal 1972) anq normally involved
lipid, pus, or other abscess removal or reduction (hemorrhoids were also surgically
removed) (El-Assal I° 972; Nunn 1997). Various therapies were prescribed for illness,
using everything from mineral powder to plant and animal material (Table 2.2). Often
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times, drugs were mixed with honey or bread to increase palatability (El-Assal 1972).
Some interesting and perhaps effective treatments include: heated sand for physical
therapy, writing therapy for catharsis of psychological problems, honey poultices for
"drawing out" wound impurities, tadpole as a diuretic, liver for vitamin A deficiency or
"night blindness" (a point contested by Nunn), and, perhaps most interestingly, moldy
bread for infected wounds (El-Assal 1972).

TABLE 2.2 Various plant and mineral substances used in Egyptian medicine (adopted from EI-Assal
1972).

Antimony sulphide
Sulphur
Calamine
Yellow ochre
Red ochre
Green copper ore
Anisum officinale
Hyoscyamus njger
Pontetet11a reptans
Turpentine .
Cannabis sativa

Citrullus colocynthjs
Ricinus communjs
Papaver somniferum
Amni visnaga
Cuminum cummin
Juniperus vulgaris
Bryonia albaet diocia

Given by mouth for bilharziasis
For scabies
For its soothing effect
Used in the anaemia of ankylostoma
To combat haemorrage
Against inflammation of the eye
A canninative and mouthwash
To relieve colic from ascaris, fever, and for
intestinal troubles
Against Tapeworm
Against Tapeworm
Sedative, used especially against infection
of the bladder, uterus, eye pain, and as an
inhalation
A purgative, in fevers, in ascites, in liver
diseases, and as a pessary for abortion
A purgative, for intestinal infection, and to
relieve oedema
Effects widely known
Used against asthmatic cough
For alimentary troubles
A diuretic
Used against liver infections

This last fact is what forces reconsideration of the assumption that ancient
Egyptians were completely ignorant of antibiotic substances. Actually, many researchers
mention the regular use of grain as a healing drug (Darby et al. 1977; Thorwald 1962;
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Frey 1986). Darby and his fellow researchers (1977) note that barley was used in many
therapeutic prescriptions and site a specific example where wheat aged three months
mixed with root of seriphum was recommended by Pliny for the evacuation of intestinal
worms (during Greek times). Even more telling is Bryan's (1930) discussion on the
Ebers Medical Papyrus.
At the very least, 37 remedies of those discussed in detail by Bryan include some
mention of the following: rotted cereals, chopped chaff, gruel, wheat, clean-grain-ofwheat, grain-of-wheat, green un-dried wheat, dough, bread, bread-crumbs, bread-dough,
bread meal, fragrant bread, fermenting bread, cake meal, beer yeast, yeast of sweet/bitter
beer, yeast of fermenting, yeast of fermented beer, yeast of beer that has been whipped
up, beer swill, wood mould, beer froth, refuse of beer, and flat beer. Therapy using these
substances was intended to cure a wide range of maladies, from lacerations and bums to
intestinal distress and afflictions of the ear, nose, and throat (Bryan 1930) as well as
fumigation of oral, anal, and vaginal cavities ("sweet beer") (Darby et al. 1977).
Because this papyrus demonstrates a specialization in language on the topic of
grain and associated food products, it can be inferred that these consumables occupied
positions of focus in the trade of the physician and in the definition of health within the
general community. Simply dreaming of"stored beer" w_as deemed an omen of healing
(Darby et al. 1977). Though it is possible that bread and beer's importance in the society
in general account for their use in medicine, evidence suggests th_is topic may not be so
, black and white as once assumed.
Understanding the cultural, political, and medical environment at the Dahkleh
Oasis will help to set the stage for the issue of ancient antibiotics - the actors, however,
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are the bones themselves, offering testimony to the lives of their owners. Their endlessly
repeated monologue has been locked for centuries under the sands and is now but a
whisper to a would-be audience. In order to extract the necessary information from the
bones of the Dakhleh Oasis inhabitants, close attention must be paid to their various
osteological and histological features; each formed by complex developmental and repair
processes. The following section provides a general description of these processes.

2.3 Bone Structure, Development, Growth, and Remodeling
Bone material from the Dakhleh Oasis is, in general, extremely well preserved
and serves as the most important clue in this investigation. Because, in some
concentrations, tetracyclines display interesting bone affects, it is beneficial to review the
general structure of bone, as well as its various stages of growth. Tetracyclines are not
only incorporated into hard tissues during development and growth, but also during the
processes involved in remodeling. For these reasons the following section will describe
various aspects of bone physiology and will detail the functions of cells involved in
formation and resorption.
Human bone is simultaneously composed of organ1c and mineral components. A
large protein called collagen accounts for approximately 90% of the organic portion
(White 2000), while the inorganic portion consists of hydroxyapatite, a form of
crystallized calcium phosphate (White 2000). The matrix formed by these two materials
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lends bone the flexibility and durability it needs to serve as structural support for soft
tissues and as a mechanism for bodily movement.
As a general model for bone terminology, consider the tibia (Fig 2.14). The
proximal and distal extremities of the long bone are called the epiphyses and form
specific articular surfaces that abut the joint. Immediately below (or above, depending on
perspective) the epiphyses lie the metaphysis, the widened ends of the body, or shaft.
The division between the epiphysis and the metaphysis is observable, especially in
younger individuals, and has been termed the line of epiphysial fusion (White 2000).
Within the shaft of a long bone exists the medullary cavity, which, in life, houses bone
marrow.
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FJGURE 2.14 Bone terminology and general features (White 2000).

Nutrient and oxygen rich blood is supplied to the bone's organic components by a
complex system of internal and external vessels. The nutrient foramen is the hole
through which blood vessels and nerves enter and exit endosteal (internal) bone.
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Periosteal vessels supply nutrients to the periosteum, the outer surface of bone, and may
also enrich deeper layers of the bone (Vaughan 1981 ). But in order to truly understand
bone structure it is necessary to look a bit closer.
On microscopic level, bone may be classified into two different types: woven and
lamellar. The former, is characterized by its disorganized collagen structure and is found
in newly formed fetal bone and in areas of intense repair (after damage or breakage)
(Eriksen et al. 1994). The latter is more solid, has a more organized collagen orientation,
and is more mature (ie, the result of remodeling) (Eriksen et al. 1994).
Lamellar bone, in its most developed stage, is composed of discrete units of bone
called osteons (2.15). Each osteon forms around a Haversian canal that encases a
longitudinal blood vessel supplying that area with nutrients. Likewise, Volkmann's
canals run perpendicular to the length of the bone for the same purpose. Lamellar bone
in this type of tissue forms in lamelae, rings surrounding the Haversian canal, that are
riddled with bone cells housed in lacunae (small cavities in the bone) (White 2000).
These cells, called osteocytes, maintain the bone and are supplied with nutrients via fluid
filled passages, or cannaliculi (White 2000). In fully mature bone, the result is system of
osteons that in cross-section appear as tightly packed circular structures (Fig 2.16).
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FJGURE 2.15 Haversian system and the Osteon as the basic unit of structure in mature bone (White
2000).

FIGURE 2.16 Cross section of mature lamellar bone showing haversian systems (Vaughan 1981).

40

As the final form of bone in the body, lamellar bone is expressed in two major
structural forms. Cortical, or compact bone, is lamellar bone that forms the hard, dense
walls oflong bone shafts, making up about 80% of bone in the human body and is found
primarily in the appendicular skeleton (limbs) (Eriksen et al. 1994; White 2000). Cortical
bone lends the skeleton its rigidity and resistance to torsion forces. Elements of the axial
skeleton (skull, vertebrae, and pelvis), as well as flat bones such as the scapulae and the
heads of long bones, are composed of the second type of lamellar bone, cancellous
(trabecular) bone, accounting for 20% of bone in the body (Eriksen et al. 1994; White
2000). Cancellous bone is spongy in appearance and takes the shape of many
intersecting spicules, lending compression resistance to the bone material. Though an
accurate division of bone types, these are not the only differences between bones in the
body.
During fetal development, production of woven bone proceeds differently
depending on the bone being fonned. Intramembranous ossification primarily results in
the formation of the cranial vault and, for purposes of this review, differs from
endochondral ossification only slightly. The basic separating feature is that
intramembranous formation radiates from various points along a plane defined by the
mesenchym, whereas endochondral formation occurs centrifugally in a cartilage mold
(Vaughan 1981 ). Most bones in the human body form through the latter process.
Endochondral ossification begins when concentrations of mesenchymal cells
(embryonic forerunners of connective tissue) form pre-cartilage material in the area of
bone development (Vaughan 1981). Synthesis occurs in the following manner.
Mesenchymal cells begin to differentiate into pre-cursors of bone-forming cells (called
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osteoblasts) creating the parichondrium (Vaughan 1981 ). The parichondrium marks the
boundary of the newly fom1ed cartilaginous inodel (Vaughan 1981) (Fig 2.17).
Osteoblasts in this region begin to secrete osteoid, a substance rich in collagen and
carbohydrate protein complexes that will eventually become major components of the
matrix (Vaughan 1981 ). Though the calcification process is, as yet, ambiguous, by
influencing extracellular concentrations of plasma proteins and certain ions (calcium for
example), the osteoid is calcified into bone tissue (Vaughan 1981 ).
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FJGURE 2.17 Cartilaginous model of a left humorous in a fetus (Vaughan 1981).

Once this external boundary is calcified and defined, the nutrient foramen
becomes the site of vessel penetration. Spreading and branching, this network of new
vessels inside the forming tissue provides entrance for the next important bone-affecting
cell, the osteoclast (Vaughan 1981 ). Blood cells leak from the vessels into the bone and
form monocytes which soon differentiate into mononuclear macrophages and, through
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fusion, into mature osteoclasts (Vaughan 1981 ). Osteoclasts are made identifiable by the
fact that they have many nuclei and a unique "ruffled" organelle on the surface of the
cellular membrane (Blair et al. 1993).
Both of these cell-types deteriorate bone tissue in order to aid in remodeling and
resorption (discussed below) (Vaughan 1981). Though the exact process by which bone
is metabolized is unknown, and many researchers feel more is involved, some agree on a
"tag-team" bone destruction model (Vaughan 1981 ). In this hypothesis osteoclasts are
not able to deteriorate bone alone (as previously thought). Instead they simply excrete
hydrochloric acid into a compartment created by the ruffled membrane at the point of
attachment to the bone matrix (Blair et al 1993), dissolving its mineral aspect and perhaps
preparing the surface for its partner cell. This partner is the mononuclear macrophage
described above. Whereas osteoclasts do not contain collagenase, the necessary enzyme
for collagen metabolism, and have never been known to contain collagen in their
vacuoles (Vaughan 1981 ), thes_e mononuclear cells do. They move through and break
down the organic portion of the matrix.
After osteogenisis (bone development) is complete, the growth and remodeling
stage begins, ending with the resorption/formation stage. Bone growth .results in the
increase in the bone's -size, while remodeling alters the shape of the bone during growth
to respond to developing stresses caused by muscle strengthening and the overall weight
increase of the body (Eriksen et al. 1994). Resorption/formation occurs throughout the
lifetime of the healthy individual and is responsible for maintaining viable and
structurally sound bone tissue (White 2000). These stages are basically dependent on the
same functional cells as described above but involve different processes.
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Two types of growth occur in most bones appendicular and appositional.
Appendicular growth occurs at cartilaginous growth plates found between the metaphyses
and epiphyses of long bones (White 2000). This is accomplished by hormone induced
(Vaughan 1981) cartilage growth in the growth plate which is subsequently and
repeatedly calcified by osteoblasts (White 2000). Growth in this manner halts when the
plate stops growing away from the shaft and is permanently calcified, joining the
metaphysis and epiphysis in the adult (White 2000).
The expansion of a bone in circumference (or width) is achieved through different
means. Apposition during growth takes place on the bone's surface at the endosteal and
periosteal fronts. Osteoblasts along the periosteum must form and calcify bone at a faster
rate than osteoclasts on the endosteal surface remove bone (Eriksen et al. 1994; White
2000). This accomplished, the size of the medullary cavity is maintained relative to the
increasing overall size of the bone (Eriksen et al. 1994; White 2000).
According to White (2000) remodeling is separate from resorption/formation in
the sense that they have different durations. Eriksen et al. (1994) agrees with this
assertion but his terminology is slightly different from that used by White. He splits bone
changes into three categories: growth (same), modeling (=remodeling), and remodeling
(= resorption/formation). White considers remodeling a growth process (2000) while
resorption and fonnation are the lifelong processes. that result in bone replacement and
maintenance. Processually these changes are quite similar. Therefore the act of
remodeling will be explained as resorption/formation is discussed.
Resorption/formation takes place at resorption pits or cavities located at enlarged
Haversian canals according to Vaughan ( 1981) and at lacunae according to Eriksen and
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his fellow researchers (1994). In either case, it is slightly more rapid in cortical bone
(~100 days) than it is in cancellous bone (~200 days)-metabolically, however, the cost
is nearly equivalent (Eriksen et al. 1994). This type of bone alteration takes place at what
Eriksen et al. call Bone Remodeling Units (BRUs). The number of BRUs at any given
time in the human body can be used to calculate bone turnover rates. In the healthy
individual complete renewal, or turnover, of bone material occurs approximately every
10 years (Dupras personal communication). The method of resorption and bone
formation is slightly different in both of these bone types, accounting for the variation in
speed.
Eriksen et al. (1994) explain that in cortical bone, the process begins with the
gathering of osteoclast precursor cells at the sight of resorption. These cells, once
mature, along with their entourage of monocytes, remove bone material at the resorption
front of the BRU creating what Eriksen et al. call a "cutting edge" that is about 150 µm
deep. BRUs in cortical bone are conical (200 µm wide and 400 µm long) and travel
through bone lengthwise at about 40 µm/day (Eriksen et al. 1994), forming the "closing ·
cone" at the rear of the BRU is a cluster of osteoblasts that lay down new lamellar bone
(Fig 2.18). Formation alone takes about 90 days (Eriksen et al. 1994).
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FJGURE 2.18 Diagram of a bone remodeling unit (BRU) in cortical bone (adopted from Eriksen et
al. 1994).

BRUs in cancellous bone are not only, in some aspects, larger (300 µm wide and
many times as long), but also have a different shape (Fig 2.19). Whereas cortical BRUs
are conical, cancellous BRUs appear semilunate in three dimensions - again with the
widest part toward the front resorption edge (Eriksen et al. 1994). The depth of the
resorption pit reaches about 60 µm and is filled by osteoblastic activity in the same
fashion as described previously but takes approximately 145 days to completely refill
(Eriksen et al. 1994).
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FIGURE 2.19 Diagram of a bone remodeling unit (BRU) in canceJlous bone (Eriksen et al. 1994).

An understanding of the process and rates of bone remodeling and development is
integral to a discussion on the bone effects tetracyclines. Bone that is under
reconstruction (in the case of the adult) or development (in the fetus) is most prone to
tetracycline incorporation due to its dynamic nature. Because mineralization and
resorption are both affected by tetracyclines (as will be discussed in the following
sections) familiarity with these topics is almost as important as familiarization with the
antibiotics themselves.
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2.4 Tetracyclines and Health
Especially within the last two to three decades, much light has been shed on the
nature of tetracyclines. Since their discovery, tetracyclines' unique chemical
characteristics have been put to various uses, both in medical and experimental sciences.
Not only are members of this family of antibiotics extremely effective as broad spectrum
antimicrobial agents in humans, they are also used extensively in modem animal
husbandry for disease treatment and promotion of growth- in fact, 65% of all antibiotics
used in veterinary medicine are tetracyclines (Kuhne et al. 2000). New forms of the drug
are being created and optimized constantly to augment the stockpile of weaponry
physicians have against resistant strains of bacteria.
Though there are several dangerous health risks associated especially with high
concentrations, researchers are on the verge of developing new tetracycline treatments for
various connective tissue disorders and bone degenerative disease (Bain et al. 1997,
Bettany et al. 2001, Liu et al. 2001, Yu et al. 1996, Sadowski and Steinmeyer 2001).
Tetracycline derivatives are also now being explored for their apparent amelioration of
other serious health problems such as metastatic cancer, corneal ulcers, and aortic
aneurysms (Gilbertson-Beadling et al. 1995, Liu et al. 2001).
Aside from being used as a form of direct therapy for disease, tetracyclines are
also useful to technicians and researchers in the field of histology and osteology. Owing
to their convenient autofluorescence and the fact that they only permanently incorporate
into currently mineralizing bone, they can be used as a "ruler" for bone growth and
resorption (Antalovska 1965, Fukutani et al 1985, Rangard 1989, Skinner and Nalbandian
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1975). Research of this type has lead to determinations of exact deposition rates for each
of the tissue types in bone and teeth and allows investigators to use tetracycline as a
marker for any experimentation event to comparatively observe effects of on the tissues
before and after that event. It becomes evident that the amount of information collected
on tetracyclines in biological systems is· immense.
This section of the literature review will describe the tetracycline family of
antibiotics and will discuss various medical and chemical issues related to tetracyclines
and health. Of primary importance is the bioavailability and chemical behavior of this
substance in the human body. Addressing concentrations obtained in absorbing tissues,
hard tissue adsorption and incorporation, and excretion will allow a more comprehensive
understanding of events that occur after exposure, providing a more clear background for
the ultimate question: could therapeutic levels of tetracycline have been achieved through
ingestion so long ago? If so, what could have been the consequences and/or benefits of
TC ingestion for the people of the Dakhleh Oasis? How were they even introduced to the
compound some 2000 years before modem science? Answering these questions requires
a rigorous review of data collected by medical researchers over the last 50 years.

2.4.1 The Tetracycline Family
In 1944, Benjamin Duggar discovered the first tetracyclines during his epic
microbiological survey of soils from around the world. One of the 7500 Actinomycetales
species he discovered was Streptomyces aureofaciens and by 1948 he had isolated the
primary antibiotic produced by this organism, chlortetracycline (Ellison 1992; Waksman
1967). Since this discovery, scientific study of tetracyclines has continued, unbroken and
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with increasing fervor, accounting for the fact that some 93% of all reported metabolites
are the products of Streptomyces spp. - antibiotics included (Goodfellow et al. 1988).
This genus is widely regarded as one of the most prolific antibiotic producers, its
members capable of yielding one or more of the following groups of antibiotics:
aminoglycosides, macrolides, ansamacrolides, B-lactam, peptides, glycopeptides,
anthracyclines, tetracyclines, nucleosides, polyenes, and quinones, each a biochemical
weapon focused on a different target of competitive bacteria (Goodfellow et al. 1988).
Though tetracyclines are merely one of many families of antibiotics produced by
Streptomyces bacteria, they are distinct both chemically and behaviorally.
The template on which all TCs are based consists of a four-carbon ring system
that forms crystalline hydrochlorides and sodium salts, a structure that places them in the
more broad category of the polycyclic naphtacenacarboxamides (Skinner and Nalbandian
1975; Waksman 1967) (FIG 2.20). Rotated in comparison with the B-C-D rings the Aring (especially the Cl2 hydroxyl group) seems to be integral to the antibiotic functioning
of the molecule (Skinner and Nalbandian 1975) (Fig 2.21). Small changes at specific
points along the molecule change its chemical properties slightly, accounting for the
various types of tetracyclines. The most medically important of these are tetracycline and
chlortetracycline (from S. aureofaciens), oxytetracycline (from S. rimosus), doxycycline,
and minocycline (Ellison 1992, Waksman 1967) - doxycycline being recommended for
most modem treatments. Chemical manipulation and bacterial hybridization of the most
basic forms, however, gives rise to many other tetracyclines.
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Tetracycline: R1

= R2 = H

= H; R,1 = OH
Chlortotracvcline: R 1 = Cl· R 2 = H

Oxytetracycline: R1

FJGURE 2.20 The basic chemical structure of a tetracycline molecule (Waksman 1967).
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FJGURE 2.21 Active portions and three dimentionality of the tetracycline molecule (Skinner and
Nalbandian 1975).
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For the purposes of this project and due to the slight differences between
members within the tetracycline family, review of properties will assume similar
characteristics between chlortetracycline and its siblings except where variation becomes
important for evaluation of theories regarding antibiotics in the current archaeological
context. To simplify terminology the abbreviation "TC" will be used for tetracycline in
a generic fashion ("TCs" plural), any mention of a specific tetracycline will be spelled
out (eg. "tetracycline", "minocycline", etc.).

2.4.2 Tetracyclines and Their Affect on the Body
In the modem world tetracyclines are either introduced to the body orally or, for
larger dosages, intravenously, often times this process is repeated for days. Whatever the
method, the goal of the physician is to flood the patient's intracellular and extracellular
areas of tissues with the drug in order for it to have the desired effect (normally the
destruction of bacterial pathogens) (Van Der Bijl and Pitigoi-Aron 1995). This is
accomplished by achieving high levels of TC in the blood plasma, so that it pervades the
system. In order to understand how TCs affect the body, dosage, absorption, and
excretion need to be considered.
Blood plasma levels of TC are most easily maintained using injection, due to
several factors that complicate oral ingestion. Chemically TC has a strong affinity for
calcium, magnesium, iron, and aluminum (Nielsen and Gyrd-Hansen 1996). Because
these elements are common in both food and in dairy products, consuming TC with food
drastically decreases its efficient use in the body, or bioavailability (Ellison 1992; Van
der bijl and Pitigoi-Aron 1995; Walsh 2000). In an article published in 1995 Van der bijl
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and Pitigoi-Aron assert that due to this characteristic of TCs, doxycycline and
minocycline are the only TCs capable of being administered efficiently in oral fashion
thanks to higher rates of absorption. To emphasize the importance of food interference,
Ellison (1992) claims that only around 60% of the TC consumed is actually available to
the body. This has many implications for the project at hand as will be discussed in detail
later.
What TC is successfully incorporated into the system is, eventually, concentrated
by the liver in bile (Walsh 2000). Approximately 60% of the TC encountered by the
body is excreted renaly in urine, 40% in the feces (Ellison 1992). Despite this, TC attains
a high enough concentration in the body due to its strong affinity for fat molecules (i.e.
high lipophylicity). Complete excretion, however, is delayed only until 15 - 20 hrs after
the dose is administered (Van der bijl and Pitigoi-Aron 1995). This is what necessitates
multiple doses, otherwise the body (and harmful pathogens therein) would not be
exposed to the TC for long enough to produce therapeutic effects.
Because this process truly does flood the body TC can be detected in all soft and
hard tissues, sometimes causing unwanted side effects. For example, photosensitivity
(increase in tendency to sunburn) is a not uncommon side effect (Walsh 2000). In more
rare cases gastrointestinal irritation, epigastric burning, abdominal discomfort, nosea, and
vomiting do occur (Van der bijl and Pitigoi-Aron 1995; Walsh 2000). Persons with
predisposed renal or liver diseases may suffer nephrotoxisity or hepatotoxicity (failure of
these respective organs) (Van der bijl and Pitigoi-Aron 1995; Walsh 2000). One of the
most serious side effects of TC therapy is due to the fact that pregnant mothers transfer it
through the placental barrier to the fetus (Johnson and Mitchell 1966; Van der bijl and
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Pitigoi-Aron 1995; Walsh 2000). This can cause severe cosmetic and even
developmental problems as discussed in later sections.

2.4.3 Bacteriostatic Effects of Tetracyclines
Tetracyclines have an extremely broad range of antibiotic effectiveness against
both gram-positive and gram-negative bacteria (Ellison 1992; Van der bijl and PitigoiAron 1995). Some microorganisms susceptible to TCs are Chlamydia, Ureaplasma,
Mycoplasma, Rickettsia, as well as several Mycobacteria and Amoebae (Van der bijl and
Pitigoi-Aron 1995; Walsh 2000). This list is in actuality much longer, but resistant
strains of some bacterial species have made their treatment difficult when only TCs are
used.
Dosage varies with the type of pathogen, age of the patient, and TC administered.
For most treatments 1-2 grams, divided into 2 doses, per day is sufficient (Ellison 1992;
Walsh 2000). Therapy normally continues in this manner from between roughly 4-5 days
and three weeks, depending on the disease (Walsh 2000).
Tetracycline appears to destroy bacteria through a sort of camouflaged sabotage
technique. The compound is not recognized as dangerous by the bacterium, quite the
opposite in fact. TC relies on the active transport system of the bacterium in order to gain
entrance to the cell's interior (Ellison 1992). Once inside, TCs bind to the smaller of the
two ribosomal sub units, the 30s subunit, responsible for the securing and tRNA to the
ribosome/RNA complex during protein synthesis (Ellison 1992; Walsh 2000). Through a
competitive occupation of a 30S substrate-binding site, TC blocks the adherence of the
tRNA (transport RNA) molecule - thus inhibiting further addition of amino acids to the
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polypeptide chain and resulting in the malformation or non formation of vital protiens.
Without the ability to produce necessary proteins the bacteria die.
As is a problem in all-antibiotic therapy, however, bacteria have extremely rapid
mutation rates, very large population sizes, and function outside the microcosm of their
host quite well. This combination of factors makes the appearance of resistant factors (Rfactors) and the propagation of resistant strains, or superbacteria, a constant problem.- It
is thought that resistant bacteria fend off the attack of TCs by an alteration in transport
proteins in the cell's membrane, or some other variation in the permeability of the cell
(Ellison 1992). Resistant bacteria survive the TC treatment to reproduce rapidly, possibly
inducing a "super-infection" of the host (one not easily treated using conventional
antibiotic therapy) or go on to infect other hosts. As will be discussed in later chapters,
antibiotic resistance can also be seen in a whole new light when viewed from the
archaeological perspective.

2.4.4 Tetracyclines' Effects on Hard Tissues
Most people today are aware of the nature of antibiotic treatments and the issues
surrounding them. TCs, however, hold some other surprises as well. In recent years
especially, they have been shown to have various effects on hard and connective tissues.
Researchers have found that in both animals and humans, TCs can inhibit the proper
growth and development of bones and especially teeth (Hoerman 1975; Saxen 1966;
Skinner and Nalbandian 1975; Urist 1963; Van der bijl and Pitigoi-Aron 1995).
Somewhat paradoxically, adults stricken with bone degenerative diseases have benefited
from TCs ability to maintain growth rates, guarding against the deterioration of hard
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tissues (Bettany et al. 2001; Gilbertson-Beadling et al. 1995; Liu et al. 2001; Sadowski
and Steinmeyer 200 I). TC has even been shown to inhibit certain proteins responsible
for the assisting the growth of cancerous tissues (Gilbertson-Beadling et al. 1995; Lm et
al. 200 I). Though the mechanisms that produce these effects are still debatable and in
some cases wholly unknown, these topics are important to developing an understanding
of how TC can affect the human body.
In 1957 and 1958, Robert Milch and colleagues published several papers
addressing the occurrence of TC in bone long after the body had otherwise rid itself of
the compound. At first this may seem unimportant and unsurprising- as stated
previously all tissues of the body are flooded with TC during therapy. Once the laws of
incorporation had been discovered though it became clear that TCs and their behavior
within forming and remodeling bone would become a topic of intensive study.
About I 0% of the TC introduced to the body finds its way to bone tissue (Urist
1963). Frost (1965) discusses the two main ways TCs interact with hard tissue:
adsorption and incorporation. Adsorption, the temporary "stickiness" occurring between
hydroxyapatite crystals on the surface of a bone and deposited TC molecules (Frost
1965), is created by a system of hydrogen bonds and, most likely, the net influence of
weaker dipole-dipole, ion-dipole, and Van der Waal's forces (Misra 1991). This type of
bonding is strong but is of temporary duration, all traces having been wiped from the
bone within about three days (Frost 1965). This bonding in no way structurally changes
the compound - in fact, the orientation of the TC molecule on the hydroxyapatite surface
is such that the antibiotically active portion sticks up (Misra 1991 ).
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FJGURE 2.22 Orientation of tetracycline on hydroxyapatite lattice (Skinner and Nalbandian 1975).

The second type of interaction between hard tissues and TC is full incorporation
or permanent labeling. Currently forming or remodeling bones (or developing teeth) lay
down new bone material in layers (between lamellae) that subsequently mineralize, much
like layers of sediment on the bottom of a lake. Whereas adsorption temporarily rests TC
molecules on the surface of one of these layers, to be swept away in non-actively altering
bone (Fig 2.22), pennanent labeling in active bone occurs when TC molecules are
sandwiched between these mineralizing layers, locking them in whatever structures were
forming at the time (Frost 1965). Frost (1965) ironically notes, "[ ... ] there is every
reason to believe that many of them [TC labels] will still be present after 30 years or
more (p 406)". Little did he know that fifteen years later someone would show that it is
58

reasonable to believe that TC labels can last for thousands of years under the right
conditions.
The question persists: how does the presence of TC in bone affect health? As
stated previously, while deposited on bone tissue, the TC molecule is unaltered and the
antibiotically active end is free of obstruction. Could it still be active while locked in
bone? Kathrine Dombush (1976) argues that TC labels in bone still maintain their
bacteriostatic effectiveness. She took small slivers of bone labeled with TC and
performed a series of electrophoretic tests on bacteria susceptible to TCs. Zones of no
bacterial growth were observed around the bone sliver (Fig 2.23).

FIGURE 2.23 Zones of inhibition resulting from tetracycline present in bone slivers (Dornbusch
1976).

A perfect example of how in vitro studies differ from in vivo events, these findings are
inapplicable to the human body. The zone of inhibition formed in Dombush's
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experiments is the result of increased surface area of TC laden bone in open contact with
a microorganism. During life however these circumstances rarely occur (except perhaps
in cases of penetrative bone infection, or osteomyelytis). TC remains locked in layers of
bone, out of contact with not only most somatic cells, but microorganisms as well (Frost
1965). The process of remodeling does indeed release trapped TC into the blood plasma,
but only a very small amount of bone (about 1%) is being remodeled at any given
moment (Ranggard 1989). The dilution of this small amount of freed TC throughout the
greater fluid content of the body renders any blood plasma concentrations created
extremely low (Frost 1965) and nowhere near that attained during active therapy.
Interestingly, a fetus could be much more susceptible to TCs released during remodeling,
especially if combined with newly ingested TC, due to its small body mass and relatively
much larger skeletal mass of the mother - a point discussed in later sections. Though TCs
are used to benefit health with proper use, in certain cases they can have detrimental
effects on various aspects of human biology.
Shortly after the discovery of the TC and its antimicrobial benefits, researchers
found that in infants and small children, TC deposited in developing teeth could cause
severe tooth discoloration (Skinner and Nalbandian 1975; Van der bijl and Pitigoi-Aron
1995; Walsh 2000) (Fig 2.24, Fig 2.25). Exposure to light oxidizes TC-calcium
orthophosphate complexes in teeth accounting for a permanent light to dark brown
shading in the enamel (Dodd et al. 1998; Van der bijl and Pitigoi-Aron 1995). Though
modem dentistry can treat the cosmetic effect of this staining, teeth that have been
exposed to higher concentrations (or longer dose periods) display distinct disruptions in
amelogenisis (enamel development), causing structural weaknesses and mis-development
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collectively termed enamel hypoplasia (Van der bijl and Pitigoi-Aron 1995). This
particular surprise led the modem medical community to advise the use of treatments
other than TC therapy for infants and children under 8 (the age when teeth are fully
developed) (Walsh 2000).

FIGURE 2.24 Tetracycline labels in a tooth cross-section (Skinner and Nalbandian 1975).
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FJGURE 2.25 Severe tooth discoloration and enamel hypoplasia due to tetracycline staining (Skinner
and Nalbandian 1975).

More recently, evidence has come to light that suggests TCs may have drastic
effects on processes of bone formation. Intensive experimentation has shown that TCs
can inhibit the development of bones in human and animal embryos (Sax en 1995; 1996;
Skinner and Nalbandian 1975; Urist 1963; Van der bijl and Pigioti-Aron 1995). The
severity of this problem, as for any teratogenic event, is directly related to dosage
amount, dosage duration, method of exposure, chemistry of the body, and the stage of
developing tissues (Skinner and Nalbandian 1975). Interestingly, chlortetracycline (the
type produced naturally by S. aureofaciens) is considered one of the weakest inhibitors of
calcification in Saxen's study (1966).
Though many suggest that concentrations must be quite large to negatively affect
bone formation (Frost 1965; Urist 1963; Walsh 2000), others have tested concentrations
as low as 1ug/ml and shown that negative effects are noticeable (Saxen 1965; 1966).
Some of the confusion may result from the fact that discontinuing therapy often reverses
these effects easily (Sax en 1965). High concentrations are capable of producing rachitic
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deformities of the long bones (Uri st 1963) and have even been observed to inhibit
mineralization of bone altogether (Saxen 1965; Skinner and Nalbandian 1975). This last
point is of particular interest.
The exact mechanism of interference is unknown (Sax en 1965). Some
investigators have surmised TCs affinity for Ca and the formation of bonds between them
could interrupt mineralization (Skinner and Nalbandian 1975). But that the fact that
hydroxyapatite need not be present in order for TC to exhibit its inhibitory effect (Saxen
1965), hints that TCs actually affect development during some process that begins before
hydroxyapatite precipitation and calcification, and continues throughout formation and
mineralization of new bones. It may also be of some import to recall that the method by
which TCs destroy bacteria is through disruption of protein synthesis (Frost 1965).
Perhaps the most important quality TCs display, next to their useful antibiotic
properties, is their ability to inhibit a group of proteases called matrix metalloprotienases,
or MMPs (Bain et al. 1997; Bettany et al. 2001; Gilbertson-Beadling et al. 1995; Liu et
al. 2001; Yu et al. 1996; Sadowski and Steinmeyer 2001). MMPs can be broken into
three distinct classes: fibroblast collagenase, stromelysin, and gelatinase (GilbertsonBeadling et al. 1995). The over activity of MMPs and the resultant destruction of
connective tissues, is responsible for various diseases such as osteo- and rheumatoid
arthritis, periodontitis, osteoporosis, and even cancer (Liu et al. 2001, Sadowski and
Steinmeyer 2001).
Evidence of the effectiveness of TC in treatment of these diseases is building. TC
treatments in diabetic rats maintained normal rates of bone formation, restored the
thickness of growth plates, and prevented the general loss of cancellous bone (Bain et al.
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1997). Another test showed that in a canine model of osteoarthritis, a TC dose of 3.5
mg/kg/day maintained the structural integrity of articular cartilage, reducing the severity
of the disease significantly (Yu et al. 1996). Sadowski and Steinmeyer (2001) recorded a
15% inhibition of collagenase at a dose of only 1 µM. TC's ability to inhibit the
destruction of certain connective proteins has also prompted its use as a possible drug for
cancer treatment. TC has been shown to decrease the formation of new blood vessels
(angiogenesis) that would otherwise supply tumors with nutrient supply necessary for
expansion and metastasis (Gilbertson-Beadling et al. 1995).
Though the "how" of MMP inhibition by TCs has not yet been answered fully,
several hypotheses have been offered. It is known that the MMP affecting portion of the
TC molecule is separate and completely distinct from that which is active antimicrobially
(Liu et al. 2001 ). Gilbertson-Beadling (1995) and fellow researchers uncovered evidence
supporting the assertion that the inhibitory effect of TCs is independent of the specific
type of MMP. In direct disagreeance with these findings, Sadowski and Steinmeyer
(2001) purport that inhibition of this type is directly related to specific TC/MMP
interactions. Regardless, there are two main theories addressing this question: 1) posttranslational: that TCs bond with metal ions necessary for MMP function mRNA (Yu et
al. 1996, Sadowski and Steinmeyer 2001) and 2) pre-translational: that TCs interfere with
the expression of mRNA (Sadowski and Steinmeyer 2001 ). A third possibility however
does exist, perhaps in combination with one of those mechanisms previously mentioned.
At a concentration of 2-5 µg/ml doxycycline, Brittany et al. (2001) argue that TCs, in
addition to inhibiting MMPs, can also induce apoptosis (cell suicide) in osteoclasts,

64

thereby disrupting the chemical and biological processes involved in the resorption of
bone. Unfortunately, the specifics of this mechanism are as yet unknown.
Though traditional TCs (tetracycline, chlortetracycline, and oxytetracycline) are
now thought to exhibit both bone fom1ation disturbance and MMP inhibition, most
literature references minocycline as the TC tested. Actually, the technology has
progressed to the point where CMTCs (chemically modified tetracyclines) are preferred
for current drug testing. These compounds have been chemically optimized and have had
their antibiotic portions removed, thus eliminating the unwanted side effects that would
be common if a more conventional TC were used (Liu et al. 2001 ).

2.5 Streptomyces aureofaciens as a Producer of Tetracycline
In effort to explain how ancient people accumulated TCs in their bones,
researchers pointed to a specific type of "mold-like" bacteria, Streptomyces aureofaciens
(Armelagos 2000; Bassett et al. 1980; Cook et al. 1989; Keith and Armelagos 1988) - a
natural producer of TC, specifically chlortetracycline (Goodfellow et al. 1988). These
researchers reasoned that S. aureofaciens' role in the decomposition of organic materials
might have been TCs mode of introduction to the ancient populations. Particularly,
stores of grain and ale fermentation were hypothesized to have been ideal environments
for the synthesis of TCs by Streptomyces aureofaciens (Armelagos 2000; Bassett et al.
1980; Cook et al. 1989; Keith and Armelagos 1988).

Streptomyces aureofaciens belongs to the order Actinomycetes and the family
Streptomycetacea (Starr et al. 1981) (Fig 2.26). Interestingly there is another species
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that produces TCs within the same genus, S. rimosus, from which both tetracycline and
oxytetracycline have been isolated (Goodfellow et al. 1988). It is unknown why this
species has not been regarded as a possible candidate. Streptomyces spp. are, after all,
some of the most well studied microbes in existence, accounting for about 93% of
reported metabolites (metabolic products) (Goodfellow et al. 1988). Perhaps S. rimosus is
simply less well represented - both in nature and literature?

FIGURE 2.26 Diagram of Streptomyces aureofaciens' arial and substrate mycelia (Goodfellow et al.
1988).

The life history of Streptomyces aureofaciens, factors affecting antibiotic
production, colony patterns, and a plethora of ecological data must be addressed if one
hopes to evaluate the possibility that these organisms are the causative agents for TC's
appearance in 2000 year old bone. In addition to more general information, the behavior
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of Streptomyces aureofaciens in soil, stored grain, and aqueous environments (ale), will
be discussed.

2.5.1 General Characteristics of Streptomyces aureofaciens and its Kin
Members of the Actinomycetes' order share unique morphological and life history
traits such as branching hyphae (extensions or projections of the cell's body) and
reproduction through aerial spores (Buchanan and Gibbons 1974; Goodfellow et al.
1984). These qualities resulted in the application of the description: "mold" or "fungilike" bacteria - indeed they do display characteristics of both fungi and bacteria
(Goodfellow et al. 1984).
A bacterium of this type will spend most of its lifetime in a non-active, protected
state called a spore (Tate 1995; Waksman 1967). Only in this state are the bacterium
resistant to hostile conditions such as xeric environments. When conditions are more
favorable to growth, bacteria respond by entering a vegetative phase of growth. This is
when the colony forms, expanding its boarders in search of more nutrients. The
predominant macro structure of the colony is made up of a network of undifferentiated
cells forming a homologous collection of bacteria termed the substrate mycelium
(Waksman 1967). Once the colony has achieved the proper size and has enough nutrients
at its disposal, some substrate hyphae (branches of the substrate mycelium) undergo lysis
(cellular breakdown), while others actually take on the responsibility for supplying the
next phase of growth with nutrients (Goodfellow et al. 1998). This new phase is marked
by the growth of larger differentiated cells away from the substrate and the eventual
formation of a polyp on its terminal apex (Goodfellow et al. 1988; Waksman 1967).
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Called the aerial hyphae, these reproductive structures compose the aerial mycelium and
are the locations for sporulation (Goodfellow et al. 1988; Waksman 1967). Although,
bits of mycelium will replicate in typical fashion (cellular division), reproduction through
aerial spores is primary (Buchanan and Gibbons 1974). Thus the process begins all over
agam.
The overall growth pattern of Streptomyces aureofaciens is extremely sporadic,
consisting of periods of development followed by dormancy; this in contrast to slow
steady growth seen in other bacteria (Williams 1985). Goodfellow (1984) and Williams
(1985) agree that the average doubling rate (a measure of growth) for soil dwelling
members of Streptomyces is 1. 7 days (fairly slow considering that some bacteria will
double in number every hour). Armelagos (2000) and Charba (Personal Communication
2001), also assert that the growth rate for S. aureofaciens, in particular, is rather slow in
comparison with other bacteria, about one week to 10 days for colony maturation (Charba
Personal Communication 2001).
Aside from sharing reproductive techniques and basic morphology, most
Actinomycetes share similar tolerance levels for the environment around them, though
outlayers (such as thennophylic spp. are not uncommon) (Starr et al. 1981 ). Most are
neutrophils, preferring pH levels between 5 and 9 (Buchanan 1974; Goodfellow 1984),
they are generally halophylic; S. aureofaciens prefer NaCl ~2% but >4% (Buchannan
1974). Streptomyces aureofaciens, gram-positive bacteria (Buchainan 1974, Starr et al.
1981 ), are highly aerobic and tolerant of extremely xeric environments (when in an
inactive state, as discussed previously), relative to other bacteria (Goodfellow et al. 1988;
Starr et al. 1981). Like many of its relatives, S. aureofaciens is a popular saprophyte in
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the later stages of plant and animal decomposition (Buchanan and Gibbons 1974;
Goodfellow 1984; Starr et al. 1981; Williams 1985). They are by far not the only
microorganisms occupying this niche, and have therefore developed an interesting (and
useful) mechanism of competition.
Actinomycetes were discovered to be capable of producing medically useful
antibiotics in 1919 by Waksman. Since then, most of what modem science has
uncovered about antibiotic production in S. aureofaciens has unfortunately been driven
by pharmaceutical interest in industrial antibiotic production rather than natural
biosynthesis and ecological study. This is due to a demand for newer, cheaper, better
drugs and is also, in part, due to difficulties involved in observing and testing bacteria in
their natural habitats (Williams and Vickers 1988; Tate 1995; Waksman 1967).
The most important implications this trend has for the current project is that
information on the behavior of antibiotic producing bacteria in nature is scarce. In fact,
TC synthesis has never been completely verified in the bacteria's natural ecosystems
(Buchanan and Gibbons 1974; Goodfellow 1984; Williams 1985; Williams and Vickers
1988) because the behavior of S. aureofaciens in soil is much different from that in a vat
or petri dish (more on this later). In addition, techniques for studying bacteria in nature
can be quite complex (Williams and Vickers 1988). Despite the challenges, investigators
have addressed the basics of TC production in natural environments.
TC synthesis involves a complex secondary metabolic pathway that is only
activated under certain stimuli and circumstance (Waksman 1967). Colonies of S.
aureofaciens only produce tetracycline after their vegetative phase is secure (Goodfellow
et al 1988; Tate 1995). Before primary growth is complete, colonies are unable shunt
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metabolic energy into antibiotic production (Goodfellow et al 1988; Waksman 1967); it
would loose its tenuous hold on the territory.
Not only is the process of antibiosis (antibiotic synthesis) "expensive"
metabolically and genetically (Hopwood 1988), it is also dangerous (Goodfellow 1988,
Hopwood 1988). S. aureofaciens are not above being destroyed by their own weapon;
special defenses have to be maintained against TC that is produced (Charba Personal
Communication 2001 ). The obvious question then becomes: if it is so much of a bother,
why exude TC at all? The reality of the situation is that under favorable conditions a
colony may reach and far out-grow the vegetative stage, never producing peak amounts
of TC (Charba Personal Communication 2001).
Those who study biological systems know that (as a general rule of thumb) an
organism never develops the ability to do something for no reason (i.e. no evolutionary
benefit). Although it is true that the production of TC would seem to be most effective
against competitive invaders (fungi and other microorganisms) during growth rather than
after the establishment of a colony, this does not preclude the benefits of its use later in
the life cycle of the organism. Thus TCs are synthesized only as a last resort, when a
colony is under threat of a denial of nutrients, either due to depletion or competition. In
either case, it becomes important to rely on reserves of nutrients (Charba Personal
Communication 2002) to produce spores quickly, plan A, and implement plan B, TC
counterattack. Should the former be successful the progeny will survive, should the latter
be successful the progeny will survive and the first generation may have succeeded in
pushing back invaders, gaining access to new food resources. In summary, synthesis of
antibiotics in species like S. aureofaciens is a response to competition or otherwise sub-
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optimal conditions. In a natural environment such a soil, very little TC is produced
anyway - without a competitive or challenging environment TC is produced in even

smaller amounts (Charba Personal Communication 2001).

2.5.2 Streptomyces aureofaciens and Antibiosis in Specific Environs
Easily one of the most ubiquitous orders of bacteria, Actinomycetes are found
primarily in the soil, but can be airborne or waterborne and thrive on nearly any
decomposing organic material, plant or animal (Buchanan and Gibbons 1974;
Goodfellow et al. 1984; Starr et al. 1981 ). In a 1973 publication, Taha et al. describe
high concentrations of Actinomycetes in Upper Egypt, including S. aureofaciens.
Goodfellow et al. (1984) report that, in general, populations can reach concentrations of
approximately 4 million individuals per gram of soil.
Surprisingly though, concentrations of TC in natural soils are very low compared
to in vitro examples because colonies exist in relative isolation from one another, are
much smaller, and are predominantly in immature form (sporoform) (Starr et al. 1981,
Tate 1995, Williams 1985). Concentrations of TC necessary to effect competitors are
likewise quite low at the level of the microsite, adding to the difficulty in detecting
antibiotics in soils (Tate 1995).
Stored grain, however, is an environment much more suited to TC production.
The large amounts of nutrients offered by this medium invite bacterial invasion,
especially if the moisture content is significant. Even in cases where the grain has been
dried previous to stockpiling and the ambient environment is extremely dry, "hot spots"
can develop within the mass' s center due to slight changes in climate or even the

71

respiration of insects (Priest and Campbell 1987) (Table 2.3). These areas of increased
temperature and moisture allow condensation in cooler regions within the stockpile,
increasing the overall moisture content gradually - just enough to allow the arrival of
various microorganisms (Priest and Campbell 1987; Silliker et al. 1980). In stored wheat,
a moisture content of > 12 to 17% can cause such an event (Silliker et al. 1980). Due to
Actinomycetes' high water requirement, they occupy the later stages of decomposition in
dry systems such as these (Silliker et al. 1980) (Table 2.4) allowing early invaders like
insects and fungal species to create an environment that is hospitable.

TABLE 2.3 Effect of controlling insect infestation in grains on the microflora after 3-months
incubation at 28° to 31 ° C (Silliker 1980).

Microbial count/g
(X 108 )

Moistur~
Commodity

Treatment

Insects/ l 00 .g

{%)

Green _gram

FLlmigated
Control
Fumigated
Control
Fumi-gated
Control
Fumigated
Control
Fumigated
Control
Fum1gated
Control

0
350

11

0

40

Bengal gram
Red gram
Coriander
Wheat

Sorghum

Molds

0

8

400

13

0
340

.9

30
0
30
0
6
0
10
0

14

10

0

10

525

35

1
480

0

H

504
0
.282

45
10

72

14

Bacteria
120
250

26
110
120
250
70
120
40
80
26
64

TABLE 2.4 Recommended maximum moisture levels for short-term and long-term storage of
principle grains (Silliker 1980).

Maxjmum moisture for storage
stability ( % water)

Wheat
Corn
Barley
Oats
Soybeans
Rapeseed
Rice

Short term, 1 year

Long term, 5 years

13-14
13
13
11
11.

ll-12
11
11

10
10

5-7
14

The presence of these bacteria in stored grain is not in question; Actinomycetes
have been reported in raw cerial grains (Frazier and Westhoff 1988) and fodders of all
sorts (Starr et al. 1981). Silliker et al. (1980) note that members of this order number
greater than 10 6 individuals per gram of cereal grain. S. aureofaciens, specifically, has
been observed flourishing in heated environs created by stored grain according to
Goodfellow et al. (1984). Priest and Campbell (1987) reported that species of

Streptomyces were found on field barley and followed penicillia in the order of
decompositional succession within the storage mass.
Related to grain tangentially, ale has also been mentioned in literature
surrounding ancient antibiotics. S. aureofaciens have been shown to inhabit the waters of
lakes and ponds, though not much work has been done on this topic (Buchanan and
Gibbons 1974; Starr et al. 1981). Most likely, areas of high population concentration are
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located in oxygen rich sediments at the bottom, suspension of the bacteria in the liquid
results from dispersed sediments and erosive wash from shorelines (Starr et al. 1981 ).
But water need not be the contributing source for S. aureofaciens to take
residence in ale. As discussed previously, spores and bacterium are airborne, soilborne,
and grainborne. Priest and Campbell (1987) point out that during the steeping process
alone the numbers of bacteria present in the liquid can increase anywhere between 5 and
36 times simply due to heating. This combined with the fact that ale would offer the
perfect nutrient medium for growth render it a suitable habitat for colonization despite the
significant oxygen requirements of S. aureofaciens.

It is important to note however, that unlike previously mentioned media (soil and
decomposing solids), an aqueous environment is not naturally conductive to the
production of secondary metabolites like TC (Goodfellow et al. 1988; Starr et al. 1981;
Waksman-1967; Williams 1985) and inhibits sporulation (Williams 1985). This type of
environment does not allow for the proper structural development of the colony.
Variations in nutrient concentration have been related to the mycelial branching (hyphae
formation) necessary for proper growth of the colony (Goodfellow et al. 1988). The nondirectionality or homology of the liquid nutrient environment induces a more randomized
mycelial growth pattern. In addition, certain 'concentrations' (a word referring to the
concentration of various chemical components of the medium as well as its viscosity and
perturbation) of liquid medium do not offer the proper physical environment for
differentiated growth and TC production due to "shearing" factors - the breaking up of
mycelial superstructures (Goodfellow et al. 1988) (Table 2.5).
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In an liquid media, S. aureofaciens will grow in two main forms: 1) the colony

will spread across the surface, reaching a mass that forces it to collapse in on itself,
forming aggregates that sink to the bottom (Waksman 1967) or 2) bits of mycelium will
float in suspended "spherical bodies" or "pellets" (Goodfellow et al. 1998; Waksman
1967). Either of these ecoforms inhibits the synthesis of TC (Starr et al. 1981 ).
Goodfellow (1998) summarizes, "It appears, then that the two extremes ofliquid culture
morphology: pelleted and fragmented hyphae, are unsuitable for many types of product
formation, particularly if antibiotic production is the goal" (p 192). An awareness of S.
aureofaciens' behavior in a liquid media may help to evaluate the theories proffered by

some researchers regarding tetracycline synthesis in the ancient world - a topic of further
discussion in Chapter 5.

Table 2.5 Effect of concentration of components in complex medium on the mycelial fragmentation
and antibiotic potency of cultures of Streptomyces halstedii (Goodfellow 1988).

Condition

'Concehtralion'

MyceUal

of medium

fragmentation

++

x2
X
X
X

Agar

Potency
(Kaisha Un.its)

0
0

1°
().5
0.25

380
150

270

Xl

Siqgle strength medium contained (w/v): glycerol (2% w/v); polypeptone
(10% .w/v), m¢at ex.tract (0~5% w/v), CaCQ3. (0.3% w/v) (taken from Shomura
et. al., _1979).

.a
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2.6 Fluorescence Microscopy as a Method of Tetracycline
Detection and Identification
Studies conducted by Bassett et al. (1980) and Cook et al. (1989) both relied on a
technique called fluorescent microscopy, or ultraviolet microscopy, to determine that
ancient humans had been exposed to TCs approximately 1,600 years ago. Generally, this
method allows researchers to directly view specific fluorescent materials, such as TC,
using their excitation and photon-emission properties to facilitate observation and study
of specific structures. Therefore fluorescence techniques are useful for microscopic
analysis of biological, geological, and chemical samples.
An analogy that can be used to explain the basic concepts behind fluorescent
microscopy can be found in a closer examination of glow-in-the-dark stickers (though
technically fluorescence and phosphorescence are two very different phenomina). The
sticker is brand new and has never been exposed to light. Tum off the lamp and pull out
the sticker. .. nothing. However, place the sticker under a light bulb before turning out
the lights and it will glow satisfyingly. The glowing substance on the sticker is a
phosphor in a non photon-emitting state. Exposing it to light "excites" electrons in its
atoms, bumping them up to a higher energy level. As these electrons return to their
original state, energy gained during their temporary "promotion" is lost, emitted in the
fonn of photons. This emitted light is not visible while the lamp is on because the
excitation light causes interference; tum the lamp off though and the only light detectable
by your eye will be the glowy sticker.
Fluorescent microscopy works in the same fashion, but is a bit more complicated.
Often light sources required for excitation of a material will not be as simple or as
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inexpensive as a lamp. Fore example, researchers would like to view substance "X" in a
cell but it is not visible under normal or (white light). In addition, substance "X" is not
autofluorescent; it will not become excited or emit light at all. In cases like this
researchers will use a substance with a high affinity for "X" (substance "Y") as a photon
tag. Either this tag will fluoresce, betraying the location of "X" or its emitted light will
excite "X", providing a service that, for whatever reason, could not be achieved by the
light source available. Observing TC staining in bone is made far more convenient by the
fact that it naturally fluoresces under certain frequencies of ultra violet light; samples
need no antibody staining, or photon taging treatments. Therefore, TC lends itself well to
many forms of biological analysis.
Depending on the eq~ipment at hand, researchers realized that a large amount of
histological data can be gathered by introducing TC to hard tissues or taking advantage of
its natural presence. The result has been over 40 years of data gathering regarding
differential rates of bone and tooth formation, resorption, and remodeling. Fluorescent
microscopy has been used to test antibiotic contamination in animal feed (Kuhne 1999)
and determine the effects of various bone injuries, regrowth, and bone degeneration,
contributing greatly to the treatment of disease. Thankfully, it has also been used to aid
anthropologists (or students thereof) in their evaluation of the health and habits of ancient
peoples.
As the primary discoverers of antibiotics in ancient bone Basset et al. (1980), used
fluorescent microscopy to locate and photograph rings of TC locked in haversian
systems. Cook et al. (1989) had the advantage of precedent and used it to pull much
more information from the bones themselves. They measured the distances between
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labels, calculated the mineral apposition rate, recorded the length of canals, determined
the percentage of labeled surface, and the bone formation rate. This kind of analysis can
provide many kinds of secondary information, especially concerning the maturity and
health (bone pathology) of an individual. Determining the direct effects of the TC itself,
however, has proven much more difficult because of difficulties surrounding
concentration determination from the labels left behind in the bone.
Under controlled circumstances it has been possible for some researchers
(Horvath and Glazier 1993) to measure the intensity of fluorescence to determine the
amount of TC present in bioreactors. Though more difficult, others (Fukutani 1985;
Hoerman 1975) report it is possible for hard tissues to be analyzed in the same fashion
using a specialized form of spectrophotometric analysis. From the perspective of this
project, quantitative data like this would be an immeasurable asset. Because the
concentration of TC in the bone relates directly to the amount ingested, the question of if
and how health was affected in ancient populations would be easily answered.
Unfortunately, this is not possible, however (Cook et al. 1989). Far too many
uncontrolled variables exist in archaeological samples.
Skinner and Nalbandian (1979) note that intensity of fluorescence depends on the
type of TC, method of introduction, ingestion duration, dosage, and various metabolic,
chemical, and physical conditions both inside and outside cells. Duration of exposure
and the genetic makeup of the subject also affect this process (Hoerman 1975). As if that
were not enough, individuals in an archaeological context could have been subject to TC
a number of times during their life. It is impossible to separate one exposure from
another (aside from comparison between labels within a single osteon or between labeled
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osteons in the rare case they overlap). Therefore, there is no way to assay fluorescent
intensity or area in a manner that would determine TC's concentration in the body. Such
efforts would, at most, merely represent the total amounts of TC locked in an individual's
bone within 1Oyears of death (the accepted bone turnover rate) - a relatively useless
statistic.
Though the value of fluorescence microscopy is evident, even without
improvement of any sort, Confocal Scanning Laser Microscopy (CLSM), the method
used in this project, allows three-dimensional viewing and high-resolution imaging of TC
labels, lending new perspective and increased accuracy to the examination. An extremely
versatile tool for microscopic analysis of all sorts, CLSM has a nearly infinite number of
applications but its ability to be used for TC testing relies on the same principles as
standard fluorescent microscopy (and glow-in-the-dark stickers). Technologically,
however, it is far more advanced, placing the topic of ancient antibiotics in a whole new
light - no pun intended.
The first obvious difference can be seen in the source(s) of the excitation energy;
the UV lamp used in fluorescent microscopy, is replaced by three independent light
sources (listed in order of intensity), a halogen lamp, a fluorescence mercury arch lamp,
and a system of three lasers. The mercury arch lamp and lasers are both used as
excitation devices for fluorescence analysis. Each of these light sources can be used for
different styles of observation: the halogen lamp for locating structures and general
maneuverings across the samples surface, the mercury arch lamp and its UV filters for its
luminescence of fluorochromes (closer to traditional fluorescent microscopy), and the
lasers, each useful for scanning the sample at varied wavelengths of highly focused light.
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It is now obvious where the L, for laser, in "CLSM"; the "confocal" and
"scanning" bits take a bit of explanation. The term "confocal" applies to the
microscope's ability focus light from a laser (the argon laser, with a wavelength of 458
run, for example) at a specific focal plane within the sample. The focal plane is the level
within the depth of the sample where the laser's light is focused to a small point. In order
to light an area along the x and y-axis, the laser must track back and forth in zigzag
fashion , or scan.
As the laser scans the sample, with a specific wavelength of light, some of its
light is reflected back into the microscope and through the object lens (accounting for the
magnification o( the image). This is the first "focusing" the light will be subject to.
From there it passes through a series of mirrors and/or filters before reaching a tiny
pinhole. Light passing through this pinhole is refocused, shunting away diffuse light
originating from levels in the sample above or below the focal plane (this is the second
focusing, hence "confocal" microscopy). The light remaining is "good" light for lack of
a better term, which has been cleaned up by filters and pinholes and such, thus preparing
it for whatever analysis is forthcoming. "Clean" light is accepted by detectors where it is
sampled by audio/digital converters. This information is run through a powerful
computer and appropriate software in order to allow optin1ization of viewing parameters
and the creation of high-resolution and three-dimensional images.
Images scanned into the computer can be made to reveal (emarkable amounts of
detail. This is due to many traits of CLSM, but most importantly, its ability to scan
multiple images of the same area, forming a single detailed image from the average of its
constituents. Likewise, but far more interesting, is that CLSM is capable of taking more
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than 40 images from different levels of an area, to produce a sandwich of data referred to
as a "Zstack". From this information, the software synthesizes a 3-D representation of
microscopic structures that can be fully manipulated within the program, opening up
possibilities for new measurement and observation techniques.
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Chapter 3

Materials and Methods

3. 1 Introduction
This chapter includes descriptions of both Kellis I and Kellis II burial sites and
provides data gathered by members of the Dakhleh Oasis Project (DOP) on the skeletal
remains used in the current study. The total sample (n=30) is composed of 22 human and
8 animal bone sections. All of which were tested using the fluorescence detection
abilities of Confocal Laser Scanning Microscopy. Information on the resources and
methods behind prepatory lab work and experimentation will be discussed in detail.

3.2 Kellis 1 Cemetery and Samples
Discovered in 1992 by members of the DOP, the Kellis 1 (31/420-CS-l) cemetery
is a Ptolemaic/Early Roman site that is thought to have been in use during the Roman
period. It lies just west oflsmant el-Karab, once the ancient village of Kellis. The
cemetery's boundaries have not yet been fully determined, but excavations have
unearthed 15 tombs at present. Though usually consisting of only one chamber, in
typical fashion for the period most tombs were reused, containing multiple burials (42 in
Tomb 2 alone) (Birrell 74). Both skeletal and artificially mummified remains were
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discovered, sometimes wrapped in a burial shroud, normally with the head oriented to the
west (Birrell 74). Generally the tombs were in disarray; in at least some cases looting
rather than reuse seems to be the cause. Due to the disturbed nature of all the interments,
reconstruction of individuals was sometimes impossible.
El Molto was able to use dental eruption and long bone length to determine the
age at death of juveniles; for adults, the tibia and/or ribs were analyzed (1988). In all
though, only 16 of 42 individuals were successfully aged. Sexing mummified juveniles
was also possible due to the presence of external genitalia. Pathologically, individuals
uncovered at Kellis I displayed some spinal problems and showed evidence of relatively
predictable symptoms resulting from the harshness of their immediate environment, i.e.
pneumoconiosis (resulting from in11aled silica) and severe dental wear (El Molto 1988).
Nine Kellis I bone samples were selected from the collection at the University of Central
Florida Bone Lab (Table 3 .1 ).

TABLE 3.1 Kellis 1 sample data.

Sample ID#
Kl-Bl
Kl-B2
Kl-B3
Kl-B4
Kl-B5
Kl-B6
Kl-B14
Kl-Bl 7
Kl-B18

Sex

Age
?
?
?
?
?
?
?
?

?
?
?
?
?
?
·7

?

?

?
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3.3 Kellis 2 Cemetery and Samples
On the other side of Kellis, to the east, is the Kellis II cemetery (31/420-C5-2),
discovered in 1991. Dated to the Roman-Christian era (circa 250-450 AD) by El Moto,
this site displays very different burial patterns. These single interment graves are
sometimes capped by A-framed stones and a false floor and are known to have pigeon
and water pots associated with the burials. Some 278 interments have been excavated
(Fig 3.1 ), but estimates put the total at over 2,500.
Though grave robbers were active here as well, the disturbance was minimal;
therefore skeletal analysis is more accurate. Aging and sexing juveniles was
accomplished through the same manner as at Kellis I. Adult age at death however, was
determined by noting the extent of suture closure, the morphology of the pubic
symphisis, and degree of dental wear. The Phenice technique was applied to adults to
reveal the probable sex of the individuals.
Of the 13 samples chosen from the Kellis II material, three of the represented
individuals were females between the ages of 38 and 45, two were males (one 29 and one
45), three were fetuses, and the remaining two were children (see Table 3.2).
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FIGURE 3.1 Map of the Kellis 2 cemetery (Dupras 1994).
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TABLE 3.2 Kellis 2 sample data.

Sample ID#
K2-B13
K2-B15
K2-B22
K2-B30
K2-B39
K2-B42
K2-B69
K2-B70
K2-B71
K2-B73
K2-B390
K2-B406
K2-B446

Sex

A2e
?
?
F
F
?
M
M
?
?
F
?
?
?

4
9m
45
40
11
45
29
18m
3
38
>1
>1
>1

3.4 Animal Sample
In 1997 faunal material (n=8) contemporary with Kellis II was collected by the
DOP at the Kellis village. The sample was originally collected for stable isotope analysis
and includes both domestic and wild animals (Table 3.3). These species represent some
of those used as food resources by the inhabitants of the Dakhleh Oasis; several even
display prominent cut marks as evidence of consumption.
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TABLE 3.3 Animal sample data.

Sample ID#

Animal

D/8 Rm12 (3)

chicken

A/7 E. Nave,S. (2)

chicken

D/10 Locus 1 (2)

gazelle

D/9 Gateway Central (2)

cow

C/1 Rm4 (2B)

cow

C/1 Rm5 (3B)

pig

C/1 Rm4 (2B)

goat

C/1 Rm4 (lA)

donkey

3.5 Sample Preparation
In order to ensure accurate data recording, a log of daily lab activities was kept,
and an Excel spreadsheet was designed in order to track the progress of each sample
during slide preparation.
Using a Foredom®rotary handsaw, the bone tissue was first sectioned into
approximately 4 cm segments in order to fit into Peel-A-Way®embedding moulds (unless
the original fragment was already of appropriate size). These sections were made
perpendicular to length of the bone to emphasis recognizable histological features. Once
reduced to a manageable size samples were placed into moulds with corresponding
identification numbers and were embedded. Epo-fix®Embedding Fluid (bisphenol-adiglycidylether) and Epo-fix ®Hardening Solution (triethylenetetramine) were mixed in a
ratio of 15 to 2 respectively, stirred for 2 minutes, and drizzled directly over the sample.
The mixture was poured slowly to prohibit the formation of bubbles, both within the
bone's medullary cavity and externally. Toward this same end, Kellis 1 samples were
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prepared using a mixture of the same cold setting resin and fixative, but were heated to
approximately 50°C previous to pouring. Whether the mixture was warmed or not,
placing the moulds in a vacuum chamber sufficiently drew out most bubbles before the
mixture began to harden. Samples set, undisturbed, for at least 8 hrs but often overnight.
Once the bones had been embedded and removed from their molds, they were set
to cut on a Buehler Isomet® Low Speed Saw. After the primary cut, thin sections of the
samples were made at 85 microns. During the cutting of Kellis I material, however, it
was found that the saw was capable of cutting at 70 microns, thus reducing sanding time.
The sections were returned to their original position in the sample, placed back into the
mold, and secured with elastics to keep them separate.
Loctite® Extra Time Epoxy (an Epoxy and Amine resin) was then mixed
thoroughly, yet slowly to minimize bubbling, and applied to slides labeled with the
appropriate identification number. Sections of embedded bone were pressed lightly into
the epoxy and allowed to cure for at least 24 hours.
Upon curing the samples were reduced even further in thickness. Carborundum
sandpaper of 400 and 600 grit was taped to the top of the table and wet with distilled
water. Each sample was then placed face down on the sandpaper and moved in a figure
eight to minimize effort and guard against uneven or pattern-scarred samples. Using a
toothbrush and distilled water the slides were cleaned, dried, and the identification
number traced over if it was abraded in any way.
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3.6 Experimental Methodology and CLSM
In order to view, test, and photograph these samples, a Zeiss Axiovert 1QOM
Confocal Laser Scanning Microscope (CLSM) was used (refer to 2.6). The first step in
this form of microscopy is to detennine the wavelength necessary to excite TC
compounds and the wavelength emitted as a result. It seemed this would be a relatively
simple process, however, review of the literature uncovered significant variation in
prescribed excitation wavelengths. Horvath and Glazier (1993) used 290 nm, Hoerman
(1975) suggests 390 nm, Ranggard (1989), somewhere between 350 and 400 nm, and
Fukutani (1985) reports 410 nm as suitable. It is not surprising then that reported
emission wavelengths are variant as well: 366 nm (Kuhne 1999), 490 A (Basset et al.
1980), 470 nm (Fukutani 1985), 495-530 nm (Ranggard 1989), 520 nm (Hoerman 1975),
525 nm (Cook et. al 1989). Though these numbers may seem to be too variant,
realistically the difference in fluorescent excitation or emission between, for example,
350 nm and 410 nm is moderate as opposed to severe. Apparently, absorbed or emitted
light at any of these would be usable and observable- even Horvath and Glazier's (1993)
290 nm excitation results in fluorescence (this number is intentionally low due to the
nature of the experiment).
The excitation wavelength used for the purposes of this experiment was delivered
via argon laser at 458 nm, as close to the optimum range as equipment would allow. The
advantage of using a laser however is that (at this wavelength) its sheer intensity
adequately excites the target, despite the fact that it is narrowly clipping the trailing end
of TC' s fluorescent spectrum.
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The microscope was otherwise optimized for TC detection by setting the argon
laser at 48% power, the detector gain (how "picky" the detector is) at ---470-570, and the
amp gain (amplification of detected light) at......, 1.2-1.4. Filters within the microscope were
engaged to allow only light of a wavelength between 505-550 nm (the emitting
wavelength of TC) through. Several of these settings, especially the detector gain and
pinhole size had to be constantly adjusted from sample to sample due to the angle of the
sample on the microscope slide and variation in thickness.
Each sample was observed for florescent structures similar to those reported in
previous studies (i.e., Basset et al. 1980, Cook et al. 1989). These previously published
examples of TC fluorescence were used as positive controls for the current study and fall
into several different patterns of fluorescence discussed in the next chapter. Preliminary
searching was accomplished more easily with a 1Ox objective, relying on the digital
magnification capabilities of the operating software. At least one image was taken of an
area of the bone section deemed "representative" of the whole; others captured diagnostic
structures and fluorescent patterns. Later, specific samples were revisited for highresolution/40x objective or three-dimensional imaging. All images were saved into a
database, accessible through specialized viewing software for proper image quality and
manipulation during analysis. Handwritten notes were also taken for personal reference
and tables were created to aid analysis. The total number of samples exhibiting
fluorescence was tallied, as well as the number of fluorescence p~ttems displayed in each
sample. When possible, the frequency of specific patterns of fluorescence was estimated.
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Chapter 4

Analysis and Results

4. 1 Introduction
This section will display data collected during microscopic survey of all thirty
bone samples collected at the Dakhleh Oasis' village, Kellis, and associated cemeteries:
Kellis 1 (Kl), Kellis 2 (K2). For the sake of clarity and to avoid confusion with previous
work done by Cook et al. (1989) at 'ein Tirghi, the term "Kellis" rather than "Dakhleh
Oasis" will be used to reference the current sample.
The primary interest in this experiment was to observe different types of
fluorescence to aid in determination of TC presence, rather than gather quantitative
information such as growth rates, osteon counts, and other histological observations.
Unfortunately, small sample size, time constraints, and limited financial resources
restricted the method of analysis such that the number of fluorescent structures per area
of bone and total fluorescent area could not be counted or measured. In addition, control
groups of bone were inaccessible at the time of experimentation . . For this reason,
analysis of results was preformed through comparison with images and information
published in previous literature by Basset et al. (1980) and Keith and Armelagos (1988)
(Sudanese-Nubian bone, 350-550 AD) and Cook et al (1989) (The Dakhleh Oasis, 'ein
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Tirghi, BC - 800). Included in this section is data that qualifies the fluorescence observed
in Kellis bone material and illuminates basic differences in the frequencies of each of the
fluorescent types. As such, tables record either "yes" or "no" for TC-like fluorescence
rather than representing the actual frequency of fluorescent patterns. The original raw
images from any of the sites can be viewed in the appendix (Appendices A, C, and E) and
raw data relating to microscope settings and image parameters is contained in appendices
B, D, and F.

4.2 CLSM Image Analysis
Any area of bone fluorescing due to the presence of a fluorochrome is generally
called a "label". In bone, labels are formed by the incorporation of fluorescent material
into currently ossifying bone after original adsorption to exposed surfaces. Locked in
place by subsequent layers of mineralizing osteoid, they remain in·their original positions
until , through the process ofresorption, they are dissolved and released (molecularly
unharmed) during bone remodeling. At the microscopic level, different bone structures
accept labels in unique ways, giving rise to several distinct patterns of fluorescence. It is
important to describe and discuss each type of fluorescence observed in the sample in
order to determine if TC is actually present in bone from Kl, K.2, and the Kellis Village.
Any differences between represented fluorescent forms between the sample sets will be
noted.
Nearly all samples from the Dakhleh Oasis showed some form of fluorescence.
In fact, CLSM examination of the Kellis material reveals six distinct patterns of
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fluorescence, based on the structure labeled and its shape. For purposes of analysis these
patterns are referred to as "ring fluorescence", "complete fluorescence", "partial
fluorescence", "cement line fluorescence", "lamellar fluorescence", and "general
fluorescence". All of these forms have been documented in Sudanese-Nubian bone
(Basset et al. 1980, Keith and Armelagos 1988) or at 'ein Tirghi, Egypt (Cook et al.
1989), but apparently there has been no synthesis of their reports (Basset et al. observed
ring, complete, and cement fluorescence - Cook et al. reported ring, and lamellar
fluorescence). In order to determine whether TC is the fluorochrome observed in this
material bone from Kellis and its associated cemeteries, each form of fluorescence found,
will be compared to similar forms of fluorescence attributed to TC in the literature that
have been.

4.2.1 Ring Fluorescence
Ring fluorescence is characterized by one or more ring shaped labels within a
single osteon. It is one of the most commonly used fluorescent markers in modem
analyses of bone histology. Bone formation, healing, and resorption rates and many other
bits of data can be determined from the intentional use of TC as a histological marker creating rings, or bands of fluorescence within an osteon for measurement purposes.
Likewise, this type of fluorescence is extremely important in the context of ancient
antibiotics. Unlike other patterns of fluorescence, labels that take the form of rings
within an osteon relate directly to a single short exposure event. ·Therefore if an osteon
has three rings of fluorescence, the individual consumed fluorochrome-laden material
exactly three times during that osteon's formation.
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Rings of fluorescence are formed when TC is adsorbed to the surface of currently
forming lamellae. The osteon continues to grow toward the haversian canal at its center,
in a fashion comparable to (but the reverse of) growing tree rings. New lamellae cover
the TC label, sandwiching it in between non-fluorescent lamellae, giving the fluoresced
osteon a "bull's eye" appearance.
Results of CLSM testing on Kellis bone samples show fluorescent ring structures
in all sample groups but especially in the K2 cemetery. Osteons with one fluoresced ring
are much more common than those with 2 or 3 rings. In general, this type of
fluorescence is also more rare than others within a specific individual. Ring fluorescence
in bone from Kellis is indistinguishable from those reported by Basset et al. (1980) and
Cook et al. (1989) as TC labels (Fig 4.1, Fig 4.2, Fig 4.3, Fig4.4). In fact, Kellis bone
displays two separate types of ring fluorescence based on the continuity and clarity of the
label. These fluorescence sub-types have been given the designations "cloudy" or
"distinct".
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FIGURE 4.1 Cloudy ring fluorescence from previous literature (Basset et al. 1980).

FJGURE 4.2 Cloudy ring fluorescence from Kellis 1 cemetery, burial 4.
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FJGURE 4.3 Distinct multiple ring fluorescence from previous literature (Cook et al. 1989).

FIGURE 4.4 Distinct multiple ring fluorescence from the Kellis 2 cemetery burial 42.
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FIGURE 4.5 Distinct multiple ring fluorescence from previous literature (Cook et al. 1989).

FJGURE 4.6 Distinct multiple ring fluorescence from the Kellis 2 cemetery burial 13.
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This type of fluorescence is not to be confused with bright rings present at the
edge of haversian canals, which are not due to fluorescence. These rings appear in
almost every osteon (and often at the outer and inner boarders of the bone section itself)
and are most likely the result of refracted light passing horizontally through the thickness
of the sample (Fig 4.7, Fig 4.8). A concept given support by the observation oflit rings
resulting from bubbles in the non-fluorescent affixing medium outside the actual bone
sample.
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FIGURE 4.7 Refraction in non-fluorescent osteon from previous literature (Cook et al. 1989).

FIGURE 4.8 Refraction in non-fluorescent osteon from the Kellis 2 cemetery burial 30.
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4.2.4 Complete Fluorescence
Complete fluorescence is defined by the external boarder of an osteon and
continues, through all lamellae, to the haversian canal, resulting in an osteon that is
wholly fluoresced. Across the Kellis sample, this type of fluorescence is the most
common. Comparison with images from Basset et. al (1980) shows identical fluorescent
structure (Fig 4.9, Fig 4.10). Interestingly though, Cook et al. (1989) do not describe this
type of fluorescence in the context of their sample ... but in the context of a modem
medical biopsy used as a positive control, originating from a patient treated with
continual doses of TC (Fig 4.11, Fig 4.12).
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FJGURE 4.9 A completely fluoresced osteon from previous literature (Keith and Armelagos 1988).

FIGURE 4.10 A completely fluoresced osteon from the Kellis 1 bu,rial 5.
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FIGURE 4.11 A completely fluoresced osteon from a modern medical example (Cook et al. 1989).

FJGURE 4.12 A completely fluoresced osteon from the Kellis 2 burial 30 (inset at original
magnification).
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4.2.3 Partial Fluorescence
The last of the three forms of intra-osteon labeling, partial fluorescence, is, for
description's sake, a mean between ring and complete fluorescence. These labels can be
described as originating at some level within the osteon and continuing to the haversian
canal. They are differentiated from ring fluorescence by the fact that they have never
been observed anywhere but adjacent to the haversian canal and are usually quite thick in
comparison. Neither is partial fluorescence confused with complete because outer
lamellae are not labeled whatsoever. Representation of partial fluorescence is second in
frequency only to complete fluorescence within the Kellis groups and is also extremely
similar to corresponding structures reported by previous researchers (Fig 4.13, Fig 4.14,
Fig 4.15, Fig 4.16).
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FJGURE 4.13 Partially fluoresced osteons from previous Jiterature (Basset et al. 1980).

FJGURE 4.14 Partially fluoresced osteons from the Kellis 1 cemetery, burial 18.
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FJGURE 4.15 A partially fluoresced osteon from the Kellis l cemetery burial 2.

FJGURE 4.16 A high resolution image of a partially fluoresced osteon from the Kellis 2 cemetery
burial 30.
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4.2.4 Cement Line Fluorescence
The fluorescence of cement lines, observed in this context by Basset et al. (1980),
is a bit more subjective. Perhaps for that reason Cook et al. (1989) make no mention of
it. In this form, only the external rim of an osteon is lit - albeit in a feint, cloudy fashion.
Cement line incorporation of fluorochrome occurs during the first steps involved in the
formation of an osteon after an area is resorped. For this reason, this type is most
noticeable when the osteon's perimeter is made obvious by a backdrop oflamellar bone
(in younger bone) or (in older bone) when it abuts or overlaps adjacent osteon structures.
In general, but most notably in the Kl cemetery, cement line fluorescence is
prolific, matching closely those viewed by Keith and Armelagos (1988) (Fig 4.17, Fig
4.18, Fig 4.19, Fig 4.20). It is important to consider that the cement line fluorescence is
quite similar to cloudy ring fluorescence in appearance and seems to be somehow related,
as they are seen in the same sample (Kl predominantly).
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FJGURE 4.17 Cement Line fluorescence in an osteon from previous literature (Keith and Armelagos
1988).

FJGURE 4.18 Cement Line fluorescence in an osteon from the Kellis 1 cemetery burial 13.
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FJGURE 4.19 Cement Line fluorescence in an osteon from the Kellis 2 cemetery buriaJ 73.

FJGURE 4.20 Cement Line fluorescence in osteons from the Kellis 2 cemetery buria) 69.
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4.2.5 Lamellar Fluorescence
The last type of fluorescence attributed to TC labeling in the literature is lamellar
fluorescence. Fluorescence within the lamellar bone that does not contain osteons, is
observed as rings along the diameter of the bone in Cook et al. 's (1989) publication
(observed in these samples as a small portion of the ring - a nearly straight line). This
fonn of fluorescence would result from fluorochrome incorporation during the formation
oflamellar bone. Basset et al. (1980), however, did not observe this form of fluorescence
in his sample. Unfortunately, this fluorescent pattern was not identified in the Kellis
material until after image-sampling the material. It is represented in K2 material as is
told by direct observation and its chance appearance in several images intended to target
other structures (Fig 4.21 and Fig 4.22).
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FIGURE 4.21 Lamellar fluorescence from previous literature (Cook et al. 1989).
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FIGURE 4.22 Lamellar fluorescence from the Kellis cemetery burial 22.
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4.2.6 General Fluorescence
There has been some critique of Basset et al. 's (1980) results based on the fact
that post mortem fungal invasion can result in fluorescence. These criticisms seem
misplaced as neither Basset et al. (1980) or Cook et al. (1989) have any evidence of
microbe penetration or the associated histological markers (fungal osteoclasia) in their
material. In addition, fluorescence resulting from fungal invasion is described as being
diffuse in appearance and unchecked by the microstructure or developmental laws of
forming bone (Fig 4.23) - this is not at all the type of fluorescence attributed to TC labels
in previous or current studies.
As is the case with most human and animal remains African desert environs, bone
used in this experiment was in remarkably good physical condition; there were few if any
indications of deterioration, microscopic or otherwise. Histological structure was nearly
perfectly preserved; no evidence for microorganism occupation or damage (i.e., foci,
tunnels, or canaliculi) could be found. High alkaline, extremely xeric, sandy soils are
responsible for this degree of preservation. Very few fungal decomposers survive in
these conditions, and even fewer perform with any efficacy on bone.
Though no fungal osteoclasia is present in the Kellis bones, it seems that several
of the samples from extremely young individuals displayed some general fluorescence.
These, however seem to fall into two categories: diffuse fluorescence (Fig 4.24) and
general brightness.
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FJGURE 4.23 Diffuse fluorescence from previous literature (Basset et al. 1980).

FIGURE 4.24 Diffuse fluorescence from the Kellis 2 cemetery burial 17.
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4.3 Results

4.3.1 Kellis 1 Data
When exposed to the appropriate excitation wavelength, every sample from this
cemetery (n=9) showed patterns of fluorescence previous researchers have attributed to
TC incorporation (Table). The most common form of fluorescence was complete
fluorescence, observed in every individual. Partial, cement line, and ring fluorescence
appeared in the same number of samples but had varying frequencies within an
individual. For example, while partial and cement line fluorescence was nearly as
frequent as complete within an individual, ring fluorescence was actually quite rare in
comparison. It is also important to note that it was never observed in the distinct bands
reported by Cook et al. (1989). Instead it appeared as a single cloudy halo within the
osteon, much like Basset et al. (1980) and Keith and Armelagos (1988) documented.
Lamellar fluorescence was not recorded in any images during testing; however, it is
possible that it did occur in at least some of these samples (for reasons described in the
analysis above). General fluorescence was not present in any of the samples from Kl.
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TABLE 4.1 Types of fluorescent patterns per Kellis 1 individual.
Sample ID Sex Age TC
K1-B1

?

?

Yes

K1-B2

?

?

Yes

K1-B3

?

?

Yes

K1-B4

?

?

Yes

K1-B5

?

?

Yes

K1-B6

?

?

Yes

K1-B14

?

?

Yes

K1-B17

?

?

Yes

K1-B18

?

?

Yes

Ring

Complete Partial

X

X
X
X
X
X
X
X
X

X
X
X

X

X

X

X
X
X

X

Cement

Lamellar General

X
X
X
X
X

4.3.2 Kellis 2 Data
Of the total number of samples collected from K2 (n= 13), 10 display definitive
evidence of TC incorporation. Much more common within the cemetery and within
individuals, ring fluorescence is distinct and, in several cases, consists of 2 or 3 rings per
osteon. Quite the reverse of Kl, complete, partial, and cement fluorescence are observed
in decreased frequency (both in the site overall, and within samples). Lamellar
fluorescence, by sheer chance, is represented in this set of samples. Its occurrence is as
underestimated as it is in Kl, hinting that it may be much more frequent in K2. Also
different from Kl, diffuse fluorescence was noted. More often it could be described as
general brightness, but in at least one sample (Fig 4.24) fluorescence is obvious and has
an appearance not unlike that resulting from post mortem fungal invasion (though no
actual damage to the bone can be seen).
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TABLE 4.2 Types of fluorescent patterns per Kellis 2 individual.
Sample ID Sex Aqe

n-c

K2-B13

?

4

Yes

K2-B15

?

9m

?

K2-B22

F

45

Yes

K2-B30

F

40

Yes

K2-B39

?

11

?

K2-B42

M

45

Yes

K2-B69

M

29

Yes

K2-B70

?

K2-B71

?

3

Yes

K2-B73

F

38

Yes

K2-B390

?

>1

Yes

K2-B406

?

>1

?

K2-B446

?

>1

Yes?

18m Yes

Ring

Complete

Partial

Cement

X

Lamellar General

X
X

X
X

X
X

X
X

X
X
X

X
X
X
X
X

X
X

X
X

X

X

X
X

X
X
X

X

4.3.3 Animal Sample
Though, histologically, bone structure varies considerably with the species
examined, TC labeling was easily identified in 4 out of the total number of animal
samples (n=8). The other four do display some of the characteristics of certain
fluorescent patterns, but are not convincing enough report as positive for TC-like
fluorescence either because of the extremely limited appearance of noted fluorescent
structures (Room 12 chicken), or because the structures viewed are otherwise unknown
or ambiguous. It is safe to say, however that the type of fluorescence most represented in
these samples is complete fluorescence. Ring structures are rare and when present are
feint, diffuse, or incomplete (interrupted or disturbed by other structures).
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TABLE 4.3 Types of fluorescent patterns per individual animal.

Sample ID
D/8 Rm12 (3)

Animal

TC

thicken !'(es?

A/7 E.Nave,S.(2) thicken

Yes

D/10 Locus1 (2)

~azelle

Yes?

D/9 GtwyCtrl(2)

cow

Yes

C/1 Rm4 (2B)

cow

Yes

C/1 Rm5 (3B)

pig

Yes?

C/1 Rm4 (2B)

goat

Yes?

C/1 Rm4 (1A)

donkey

Yes

Ring

Complete Partial

X
X

Cement

Lamellar General

X

X
X
X

X

X

X
X
X
X

X

X
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Chapter 5

Discussion and Conclusion

5. 1 Introduction
Comprehensive review of the literature and results of CLSM fluorescence testing
can be combined to draw several important conclusions regarding the presence of TC in
human and animal bones from the Dakhleh Oasis. Implications of this study could have
far ranging effects on the study of ancient antibiotics in general and on today's
perspective on antibiotics, their history and modem application. In specific, the current
study has shed much light on the nature of the antibiotic presence at the Dakhleh Oasis,
illuminating several aspects of the phenomenon previously not addressed. The various
forms of fluorescence observed, and their differential representation, suggest that TC
labels could be used as a tool through which various social and health factors could be
addressed. The ecological, behavioral, and reproductive habits of Streptomyces spp. have
offered clues that may aid in the determination of the source of ancient antibiotics. In
addition, the possibility of TC affecting the health of historic populations can be
reconsidered from a more holistic perspective. A synthesis of these conclusions offers
possible answers to questions raised in previous literature and raises new questions for
future study on the topic of ancient antibiotics.
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5.2 Fluorescence at the Dakhleh Oasis (BC 27 - 360AD)
Adding to the ever-increasing list of applications for CLSM, this technology has
proven itself reliable and extremely useful for the observation of fluorescent labels in
bone, despite the fact that, for this study, a sub-optimal excitation wavelength was used.
Thankfully the technology is forgiving due to the sheer power of the argon laser and
versatile detection parameters.
CLSM offers a range of magnification through the use of multiple object lenses
and digital "zoom" capabilities. Laser scanning at high speed/low resolution allows for
rapid surveying of a sample. Multiple slow speed scans can be combined into a digital
average image, producing unprecedented detail, resolution, and accuracy. By far though,
the most interesting and unique technique CLSM brings to the study of bone is its threedimensional imaging (see Appendix G).
The ability to view structures from this perspective is important for
understanding the true structure of various features of a substance. In this case,
fluorescent rings appear as they should, as irregular tubes running the length of a
haversian system, sometimes splitting and spiraling, other times maintaining a defined
distance from the haversian canal. CLSM allows much more accurate description of
fluorescent form, a fact that contributed greatly to the comparisons made between Kellis
material and that from Sudanese-Nubia and 'ein Tirghi.
In this fashion, analysis of the Kellis material could be made through comparison
with data published by Basset et al. (1980), Keith and Armelagos (1988), and Cook et al.
(1989). All of the six types of fluorescence observed at Kellis were identical to what
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these researchers have concluded is TC fluorescence, resulting from in vivo antibiotic
incorporation in forming bone.
In addition, the Kellis bone itself, suggests that the phenomena occurred during
the lifetime of the individuals. Fluorescence in Kellis remains, (except in individuals
displaying general fluorescence) follows all natural laws of bone formation and is strictly
limited to structural boundaries created by the different types of bone in the body. For
example in many samples showed one fluoresced osteon immediately adjacent to several
unfluoresced osteons (Fig 5.1 and 5.2) or even overlapped by more recently formed nonfluorescent tissue (Fig 5.3 and 5.4). A combination of all these bits of evidence supports
the conclusion that TC was indeed incorporated into the bones of the Dakhleh Oasis'
inhabitants, their infants, and even their domestic animals while they lived.

FIGURE 5.1 Completely fluoresced osteon (lower right) surrounded by non-fluorescent neighbors in
Kellis 2 cemetery, burial 73.
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FJGURE 5.2 Two ring fluoresced osteons surrounded by non-fluorescent neighbors in Kellis 2
cemetery burial 42.

FIGURE 5.3 Ring fluoresced osteon overlapped by a newer, non-fluoresced osteon in Kellis 2
cemetery burial 22.
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FJGURE 5.4 Multiply ring fluoresced osteon overlapped by a newer, non-fluoresced osteon in Kellis
2 cemetery burial 22.

Both Basset et al. (1980) and Cook et al. (1989) note that TC was present in every
individual tested. While this is not the finding of the current study (22 of 30 samples
showed blatant evidence of TC labeling, and most of the remainder showed some
evidence), this could be explained by several factors unique to the current project. The
fact that archaeological fetal and animal bones have never been tested for TC and the fact
that it is possible for one to simply miss TC labels due to the random chance involved in
sectioning and surveying bone could account for the few cases where TC was not
definitively observed. The pervasive nature of TC fluorescence in populations tested
suggests that causative behavior is shared among different individuals despite differences
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in age, sex, and social status. This is not to say that there are no differences between the
types or frequency of fluorescence observed between different groups of individuals.
One of the most important findings of this project has been differential
representation of fluorescent forms in the two cemeteries. Kl for example shows a much
more obvious occurrence of complete fluorescence and partial fluorescence than K.2. K.2,
however, is the source for every observed case of distinct ring fluorescence and lamellar
fluorescence.
Implications of the various types of TC fluorescence have not been addressed by
previous anthropological research. It becomes obvious, however, that fluorescent
structure is directly related to certain aspects of growth and development. This simple
observation can result in some very informative conclusions.
In general, labels in Kl bone are cloudier and less distinct than in K.2. This fact is
most easily noticed when observing ring fluorescence. The phenomena accounting for
variation in fluorescent ring structure is unknown. Basset et al. (1980) suggest that
interruption of formation during exposure, or vice versa, is a possible explanation.
Though this hypothesis makes logical sense, data from the Kellis cemeteries does not
support it. Cloudy rings were only recorded in the Kl sample and distinct only in K.2. If
cloudy structures were caused by interruption of growth or incorporation of TC they
should be observable in all affected bone equally as this would be an occurrence in every
sample set. This is not the case however, suggesting, instead, that some basic difference
in the type of exposure is to blame, perhaps resulting from a different type of tetracycline
or even different concentrations. Though it is impossible to measure the concentration of
TC in an individual from fluorescent intensity, as discussed previously, this does not
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mean it is impossible to determine concentration of one set of individuals versus another.
In any case, the fact that there is such a correlation between Kl and Basset et al. 's
Sudanese-Nubian material is significant. Similar results imply similar mechanisms.
Shape isn't the only important consideration to be made when discussing the
importance of ring fluorescence. The number of rings is also noteworthy. Multiple rings
are very rare in the Kellis material and only appear in individuals from K2. Three, or
more commonly, two rings, represent only a few exposure events during the (roughly)
month and a half it takes for an osteon to form in the metabolically normal individual
(Skinner and Nalbandian 1975). If consumption of TC were regular, many bands would
be visible in a single osteon but again this is not the case in K2. Cook et al. (1989)
suggest that ring structures may be indicative of seasonal consumption of TC. Though
the same type of multiple ring structure is seen in K2 individuals, it is hard to agree with
this reasoning. Certainly, multiple rings do indicate infrequency of consumption, but
seasonality would not be evidenced by TC incorporation every 10 days. Rather, it would
be suggested by sustained or even infrequent TC consumption for periods of one or a
couple months out of a year, a concept returned to in the next section.
Complete fluorescence seems also to have extremely significant implications.
Cook et al. (1989) published an image taken from one of their modem medical controls,
an individual who had been "constantly" given TC to treat acne (Fig 4.11 ). This type of
fluorescence is exactly the same type reported by Basset et al. (1980) and in the material
from Kl (though K2 also displayed complete fluorescence, it was much less common
than in Kl - again this finding seems to correlate to that of previous research, this time
with Cook et al. 's work in 1989). Not discussed by Basset et al. (1980), however, is the
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fact that complete fluorescence seems to be the direct result of many consecutive doses of
TC over the period of osteon development. Because many osteons do not display this
type of fluorescence, it would seem that occasionally (and in some cases quite frequently)
TC was consumed steadily for periods in excess of one or more months. Similar in its
frequency, partial fluorescence can be interpreted in much the same fashion but with a
decreased duration, resulting in half a fluoresced osteon.
Determination of cement line fluorescence, observed by Basset et al. in 1980, was
extremely subjective in this experiment, perhaps due to the decreased emission of TC.
Even when fluorescence was not obvious, the cement line, in many cases, was. This
results from the fact that this feature marks a very real border between individual osteons
or between an osteon and surrounding lamellar bone.
Lamellar fluorescence, though underrepresented for reasons discussed in chapter
four, was very distinct and histologically unmistakable. Running in long, bright, streaks
through otherwise homogenous bone, lamellar fluorescence resuits from TC incorporated
into the tissue during lamellar bone formation, before osteon proliferation marks the truly
mature state of the bone.
General fluorescence or brightness in a sample was rare and probably resulted
from some sort of refractive scattering of light. There was however, at least one case
where the appearance of the lit structures matched true fluorescence caused by post
mortem fungal invasion via the pre-existing channels throughout the haversian system.
This was not an occurrence in any of the other samples in the study.
In the event that the age or sex of an individual was known, as in K.2, even more
information can be gained regarding the nature of TC incorporation. The total number of
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aged and sexed samples in this study was not high enough to make reliable conclusions.

It is important to at least note that the ages of individuals with the "most" fluorescence
was not what was expected. Because younger individuals have more actively
mineralizing bone, they should show more evidence of TC labeling than older
individuals. In the K2 sample, however, the older individuals (above 29) showed not
only more fluorescence, in general, but normally displayed more types of fluorescence as
well. If it were determined that this pattern is reliable, it could be surmised that TC-laden
food was more often consumed by older individuals, though a larger sample size would
be necessary to test hypotheses of this type.

5.3 Source and Method of Consumption
Determining that TC is present in the bones of the Dakhleh Oasis people is quite a
bit easier than uncovering its source. Review of the literature has provided some insight
into this very important question, supporting the original hypothesis put forth by Basset et
al. (1980) and accepted by Cook et al. (1989) with only slight modification (seasonality
of exposure). The assertion that perhaps ale could be a primary source of TC for the
population, as proffered by Armelagos (2000), seems to be debatable.
The first key to this puzzle is the amazingly high frequency of TC labeling in the
population. For so many people to have been exposed to tetracycline ~ometime in the last
ten years of their life, the source of the fluorochrome would have to be extremely
common. Review of the literature shows that the diet of Egyptians during Roman
occupation was being greatly diversified by new food products resulting from increased
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trade. Fortunately, Cook et al.'s (1989) study of bone from 'ein Tirghi focuses on
remains that date to around BC 800. The extreme similarity between Cook et al. 's results
and those of this study suggests that the method of incorporation has remained fairly
constant or at least is similar between 'ein Tirghi and K2 (as noted before the differences
between Kl (BC 27 - 100 AD) and K2 (circa 360 AD) are significant). What all this
means is that whatever the source of TC, it has persisted for at least 1160 years. Thus,
the quest is simplified. All new imports can be ignored; foods that varied in accessibility
or popularity can also be disregarded.
The next clue that can be used to address possible agents of TC consumption is
the nature of the organism responsible for TC production, Streptomyces aureofaciens.
These bacteria are involved in the late stages of decomposition processes, infesting nearly
all organic materials, plant or animal. Bacteria in general, including S. aureofaciens,
have extremely demanding water requirements; the moisture content of their environment
has to be very high. Last of all, when nutrient content in the surrounding medium is low,
spores survive but the bacteria are not active, therefore, nutrient availability must also be
high in order for the bacteria to shunt metabolic energy into the production of TC before
sporulation.
All these considerations made, relatively few food products remain as
possibilities. In fact, it becomes arguable that only one type of food satisfies all these
criteria: grain, specifically wheat and barley. Long storage time, a stable substrate
environment, high water content, high nutrient content, and antagonistic interactions with
other micro-organisms are all ecological necessities for TC production that are found in
grain stored in silos. Colonies of S. aureofaciens would remain physically undisturbed
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for long enough to accumulate TC in the spoiling grain. From there it could be
incorporated into many different food products including, bread, cakes, gruel, and ale.
Extremely infested grain would probably have been thrown out (or perhaps used for
domestic animal fodder), except in times of food scarcity or famine. Thus, the
"seasonality" hypothesis is supported, not by ring fluorescence, but by the fact that many
non-fluorescent osteons exist in individuals (especially K2), representing months where
no TC was consumed.
Though grain seems to be the most likely candidate for TC content, Armelagos
(2000) has reasoned that perhaps ale would be a more suitable environment for TC
production. Indeed a liquid medium is capable of hosting large populations of S.

aureofaciens. In fact, this is the method used during modem synthesis of TC: huge vats
of aerated medium. The problem that plagues this theory, however, is that S.

aureofaciens in a liquid medium, like many antibiotic producing Actinomycetes, grow in
a disturbed manor, decreasing the potential for formation of secondary metabolites
(Goodfellow et al. 1979, Waksman 1967) unless the concentration is maintained and
monitored perfectly. This problem is avoided in today's liquid batch cultures by the use
of aerators and impellers, as well as a barrage of systems designed to monitor the
"concentration" of the medium, it's viscosity, heat, and requisite chemical composition
(Goodfellow et al. 1979). Left to their own devices, large populations of S. aureofaciens
growing in ale would only result in a foul tasting beverage. It is perhaps important to
note however that Armelagos (2001) in a popularized publication, comments offhandedly
that two undergraduate students produced "tetracycline in quantity" by adding

Streptomyces to a mixture of malted grain and bread. This has not been addressed by
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peer review, however, and is not able to be verified. It is not impossible that more
experimentation could prove that, by sheer coincidence, the traditional ale making
process simulates the exact medium concentration and chemical constituents required to
create enough TC to label hard tissues in the human body; though, from a review of the
literature surrounding TC production it does seem improbable.

5.4 Tetracycline's Effect on Health in Ancient Populations
It cannot be denied that TC has been shown to benefit human health in many

ways, curing disease through destruction of harmful bacteria, effectively treating various
bone degenerative disorders, and limiting the growth of cancerous tumors. Negative side
effects are rare, although under certain conditions TC can inhibit normal formation and
development of hard tissues in the body. The question asked by those studying
antibiotics in an archaeological context, however, is which, if any of these effects, could
have had an impact on the health of ancient peoples.
In order for TC to have function as an antibiotic in the human body, about 2 g per
day needs to be ingested (ideally spread out over several doses over the course of 4 days
to a week or more) (Walsh 2000). Inhibition of matrix metalloprotienases in adults and
inhibition of bone mineralization in the fetus also both require significant doses (Frost
1965;. In neither case is one dose sufficient, exposure must continue for days. In
contrast, only 0.2 µg/ml TC is required for the formation of detectable fluorescent labels
in bone (Fukutani 1985).
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Basset et al. (1980) argue that the amount of fluorescence in their sample is
indicative of clinical concentrations of TC. Keith and Armelagos (1988) announce,
without any explanation or corroboration, that "Many Nubians did, in fact, ingest
therapeutic doses of tetracycline during their lifetime (p 599)." Cook et al (1989)
hypothesize that the amount of ingested TC was " ... considerably less than modem
prescribed dosages (p 143)." They suggest that perhaps small amounts could inhibit
certain types of bone infection, lamenting the fact that " ... it is impossible to determine
the amounts of tetracycline ingested at a given time ... (p 143)." Obviously opinions
abound.
This is not surprising considering the number of variables that complicate the
issue. The body is variably sensitive to TC based not just on concentration but also on
the duration of exposure, weight of the individual, and the disease involved. Basic
bioavailability of the compound is inhibited by simultaneous ingestion of food, not to
mention being produced on or in a food product.
Problems in concentration estimation abound even at the level of antibiosis due to
the fact that TC synthesis by S. aureofaciens is intermittent at best. Production of TC is
limited by the life cycle of S. aureofaciens, its immediate physical environment, pH
levels, oxygen availability, nitrogen presence, and phosphorous content. Interactions
between S. aureofaciens and other microorganisms and fungi also become important.
Even the production of TC itself can limit the growth of S. aureofaciens colonies and act
as a regulator of antibiotic production.
Further complicating matters are the various difficulties researchers must
overcome to measure S. aureofaciens' production capacity under natural conditions.
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Because TC acts at the level of the microsite, only small concentrations are produced in
non-regulated environments. In a more suitable environment for growth (such as a
nutrient-rich media like grain), measurable concentrations of TC will be produced, but no
verifiable evidence exists to support concentrations reaching anything close to therapeutic
levels without massive application of modem technology.
Modem science must employ drastic measures in order to produce useable
concentrations of TC. Bacteria used for TC synthesis are drastically modified through
directed mutation (hybridization), manipulation of regulatory genes, deletion of
restricting genes, increasing production genes, recombination (including protoplast
fusion), developed bioreactor technology, various bioreactor properties, media
optimization, and even direct chemical alteration of the metabolites produced
(Goodfellow et al. 1988). In this fashion, large amounts of TC are made for use in
modem therapy.
Examining the types of fluorescence seen in the bone offers some information,
mainly regarding age at exposure and exposure duration or frequency within the time
frame of a single osteon's development. In the case of complete, partial, and multi-ring
fluorescence, dosage duration is satisfactory, but evidence is lacking to suggest
maintenance of high blood plasma levels of TC in the body during this time. This cannot
be determined in an individual with no known medical history, because it is impossible to
separate exposure events that could have taken place up to ten _years apart. Even a
sustained sub-therapeutic concentration would have had little effect on disease, because
the concentration would not have been high enough to actively guard the body against
invasion. The resulting confusion can be simplified. Due to the above limiting factors
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and involved in limiting S. aureofaciens' synthesis of TC and TC bioavailability,
attaining therapeutic TC levels in the human body through unintentional means would be
extremely unlikely. The result, the antibiotic and hard tissue effects of tetracycline would
not be active.
However, in the case of penetrative bone infections, some medical benefit may
have been gained due to ingestion of TC, not because it reached therapeutic levels in the
body, but because it did not have to. As infectious microorganisms penetrate TC labeled
bone, they would encounter functional TC molecules that are freed by deterioration of the
bone - otherwise these molecules are locked away from the rest of the body, unable to
come into contact with pathogens. This could account for the uncommon incidence of
bone infection in the Dakhleh Oasis population (Cook et al. 1989) and perhaps even to
good preservation of bone material post mortem.

5.5 Conclusion
Confocal Laser Scanning Microscopy proves itself a versatile, efficient, and
accurate technique for observing fluorescent tetracycline labels in human and animal
bone. The use of this technology results in high-resolution, three-dimensional images of
tetracycline labels offering as yet unprecedented detail to observable features. Results of
CLSM testing, compared with those of previous researchers on the topic, show that
tetracycline was incorporated in vivo into the bones of at least 22 of the 30 humans and
animals examined from the Dakhleh Oasis, Kellis area (BC 27 - 360 AD)- establishing a
continuance of the phenomenon in the Dakhleh Oasis for over 1160 years.
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Six different patterns of fluorescence were observed, based on the structure that
incorporated tetracycline during its formation: ring fluorescence (cloudy and
distinct/single ring and multiple ring), complete osteon fluorescence, partial osteon
fluorescence, cement line fluorescence, lamellar fluorescence, and general fluorescence.
Each type of fluorescence offers information regarding the exposure's length and age
during labeling. Differential frequencies of these forms between the Kl and K2
cemeteries offers evidence that there may be some basic difference in the mode of
incorporation between these two time periods. Young children and even infants show
some tetracycline fluorescence but the most prolific labeling occurs in older individuals,
contrary to what is to be expected due to the high mineralization rate in the young.
Domestic animals, especially those thought to have been fed grain, display tetracycline
fluorescence.
Stored grain seems to offer the most likely situation for tetracycline accumulation
and consumption due to the environmental instability of ale production, the second most
popular hypothesis.
Contrary to the unfounded assumptions of previous research, comprehensive
review of the literature behind the habits of Streptomyces aureofaciens and tetracycline
production (both natural and artificial) reveals no evidence to suggest that therapeutic
concentrations could have been maintained in the human body.

In the specific case of

bone infection however, there may have been some benefit gained due to direct contact
with concentrated tetracycline locked in the bone.
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5.6 Future Research
The archaeological implications for these findings are great. Differential
fluorescence can be used to analyze various social and demographic aspects of the
Dakhleh Oasis population. In addition, modem scientists intentionally mark bone with
tetracycline to determine various bits of information regarding bone growth,
development, and pathology - anthropologists have the advantage, in this case, of being
supplied with markers from the beginning. Analysis of dental and hard tissues can
contribute much information when compared to modem standards for bone histology and
growth.
The next step for research on antibiotics in the Dakhleh Oasis is to expand the
sample size and add new methods of analysis. These will include fluorescence intensity
and area measurements, osteon counts, and comparisons with both positive and negative
controls from modem medical biopsies. Experimentation with Streptomyces aurofaciens
in various food environments would help gather quantitative evidence for contamination
of grain products. The antibiotic efficacy of tetracycline labels against invading bacteria
during bone infection (and even post mortem during di genesis) could also be tested and
measured. Techniques are also being developed currently that may aid in the testing of
TC concentration in archaeological bone.
Perhaps the most important result of this research is the realization that ancient
antibiotics might not be that rare. The circumstances thought to be involved in
production and consumption of tetracycline are extremely basic, existing wherever grain
is stored in quantity and environmental pressures or habit lead to ingestion of foods
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created with contaminated cereals. At the Daklheh Oasis alone this phenomenon
continues for at least 1160 years, persisting despite many advancements in agriculture
and food production. How many other societies could have been affected by antibiotics
occurring naturally in their food. Could the origin of modem problems with resistant
strains of bacteria have been thousands of years ago? Would effects on health be more
drastic in other cases? The benefits of tetracycline testing in archaeological samples,
combined with a desire to answer questions regarding the health and habits of ancient
peoples will ensure that antibiotics are a continued focus for study, even in anthropology.
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APPENDIX A

CLSM IMAGES FROM KELLIS 1
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k1 b1 a
8 bit
1024 X -1024

k1 b2az
8 bit
. 1024 X 1024

k1b3c

k1 b3cz

8 bit
512 X 512

8 bit
512 X 512
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k1 b3cz
8 bit
512 X 512

k1 b3cz
8 bit
2048 X 2048

k1 b4a.
8 bit
l024 x 1024

k1 b4cz
8 bit
2048 X 2048

k1b5bz
8 bit
2048 X 2048

k1 b6a.
8 bit
512 X 512
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k1 b6a.z
8 bit 2048 X 2048

k1b14a
8 bit
512 x512

k1b14a
8 bit
1024 X 1024

k1b14az
8 bit
2048 X 2048

k1b14az2
8 bit
1024 X 1024

k1b17a
8 bit
1024 X 1024

k1b17az
8 bit
1024 X 1024

k1b17b
8 bit
1024 X 1024

k1b17c
8 bit
1024 X 1024

k1b17cz
8 bit
2048 X 2048
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k1 b1 Ba
8 bit

512x512

k1 b1 Saz
B bit
1024 X 1024

k1 b1 Bez
8 bit
1024 X 1024
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k1 b1 Sb
8 bit

1024 x·1024

APPENDIX B

CLSM DATA FROM KELLIS 1
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~

N

klb2a
kl b2az
kl b3a
klb3b
klb3c
kl b3cz
kl b3cz
kl b3cz
klb4a
klb4b
kl b4cz
kl b5a
kl b5b
, kl b5bz
I kl b6a
kl b6az
kl bl 4a
kl bl 4a
kl bl 4az
kl bl 4az2
kl bl 7a
k1 bl 7az
kl bl 7b
kl bl 7c
kl bl 7cz
kl bl Ba
kl bl Baz
kl bl Sb
kl bl Bez

02/07/2002, 03:58:58 PM
02/07/2002 , 04:03:47 PM
02/07/2002, 04:15:35 PM
02/07/2002, 04:17:39 PM
02/07/2002 , 04:31 :12 PM
02/07/2002 , 04:41 :01 PM
02/07/2002 , 04:41 :46 PM
02/07/2002, 04:47:39 PM
02/07/2002, 04:48:59 PM
02/07/2002, 04:54:20 PM
02/11/2002 , 02:07:08 PM
02/11/2002 , 02:09:26 PM
02/11/2002, 02:19:44 PM
02/11/2002 , 02:48:33 PM
02/11/2002 , 03:04:58 PM
02/11/2002, 03:07:48 PM
02/11/2002 , 03:11 :18 PM
02/11/2002 , 03:22:02 PM
02/12/2002 , 12:44:39 PM
02/12/2002, 12:51 :46 PM
02/12/2002 , 12:53:00 PM
02/12/2002 , 01 :00:52 PM
02/12/2002, 01 :05:50 PM
02/12/2D02, 01 :11 :57 PM
02/12/2002, 01 :18:47 PM
02/12/2002 , 01 :21 :33 PM
02/12/2002 , 01 :23:55 PM
02/12/2002 , 01 :33:13 PM
02/12/2002 , 01 :34:21 PM
02/12/2002 , 01 :40:08 PM
02/12/2002 , 01 :51 :13 PM

Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane

8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit .
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit

1024 X 1024
1024 X 1024
1024 X 1024

1024 X 1024
512 X 512
512 X 512

512 X 512
512 X 512
512 X 512
2048 X 2048

1024 X 1024
2048 X 2048
2048 X 2048

1024 X 1024
1024 X 1024
2048 X 2048
512 X 512
2048 X 2048

512 X 512
1024 X 1024
2048 X 2048
1024 X 1024
1024 X 1024

1024 x 1024
1024 X 1024
1024 X 1024
2048 X 2048
512 X 512

1024x1024
1024 X 1024
1024 X 1024

651.3 µm x 651.3 µm
651.3 µm x 651.3 µm
1302.7 µm x 1302.7 µm
295.2 µm x 295.2 µm
1302.7 µm x 1302.7 µm
1302.7 µm x 1302.7 µm
1302.7 Um X 1302.7 Um
251 .8 um x 251.8 µm
503.6 µm x 503.6 µm
383.9 µm x 383.9 um
1302.7 µm x 1302.7 um
1302.7 µm x 1302.7 µm
509.2 µm x 509.2 µm
1302.7 Um X 1302.7 Um
1302.7 µm x 1302.7 µm
590.2 um x 590.2 um
1151 .5 µm x 1151 .5 µm
643.4 µm x 643.4 um
1302.7 Um X 1302.7 Um
1302.7 um x 1302.7 um
651.3 µm x 651.3 µm
458.0 µm x 458.0 µm
1302.7 um x 1302.7 um
422.0 um x 422.0 µm
1302.7 um x 1302.7 um
1302.7 µm x 1302.7 µm
325.4 µm x 325.4 µm
1302.7 um x 1302.7 µm
539.1 um x 539.1 um
1302.7 µm x 1302.7 um
279.6 µm x 279.6 µm

0.64 µm x 0.64 µm
0.64 µm x 0.64 µm
1.27 µm x 1.27 µm
0.29 Um X 0.29 Um

2.54 µm x 2.54 µm
2.54 µm x 2.54 µm
. }.54 um x 2.54 um
0.49 µm x 0.49 µm
0.98 µm x 0.98 µm
0.19 Um X O.19 Um

1.27 Um X. 1.27 Um
0.64 µm x 0.64 µm
0.25 µm x 0.25 µm
1.27 Um X 1.27 Um
1.27 µm x 1.27 um
0.29 µm X 0.29 Um
2.25 µm x 2.25 µm
0.31 um x 0.31 µm
2.54 Um X 2.54 Um
1.27 um x 1.27 um
0.32 µm x 0.32 µm
0.45 µm x 0.45 µm
1.27 Um X 1.27 Um

0.41 um x 0.41 um
1.27 µm x 1.27 µm
1.27 µm x 1.27 µm
0.1 6 µm x O.16 µm
2.54 µm x 2.54 µm
0.53 µm x 0.53 µm
1.27 µm x 1.27 um
0.27 µm x 0.27 µm

Plan-Neofluar 20x/0.5
Plan-Ne ofl uar 2Ox/0.5
Plan-Ne ofl uar 1Ox/0 .3
Plan-Ne ofl uar 1Ox/0 .3
Plan-Neofluar 1Ox/0.3
Plan-Ne ofl uar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Ne ofl uar 2Ox/0.5
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 20x/0.5
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Ne ofl uar 1Ox/0 .3
Plan-Neofluar 1Ox/0.3
Plan-Ne ofl uar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Ne ofl uar 1Ox/0 .3
Plan-Ne ofl uar 1Ox/0 .3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Ne ofl uar 1Ox/0.3
Plan-Ne ofl uar 1Ox/0 .3
Plan-Neoflua• 1Ox/0.3

APPENDIX C

CLSM IMAGES FROM KELLIS 2
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k2b13a.
8 bit
1024 X 1024

k2b13bz
8 bit
2048 X 2048

k2b13c
8 bit
1024 X 1024

k2b15a.
8 bit
1024 X 1024

k2b17a.
8 bit
1024 -x 1024

k2b22a.
8 bit
1024 X 1024

144

k2b22a.z
8 bit
1024 X 1024

k2b22.b
8 bit
1024 X 1024

k2b22c
8 bit .
2048 X 2048 .

k2b22cz
8 bit
2048 X 2048

k2b22cz2
8 bit
2048 X 2048

k2b30z2 false ring
8 bit
1024 X 1024

k2b30 false ring
8 bit
1024 X 1024

145

k2b30a
8 bit
512 X 512

k2b30sec
8 bit
512 X 512 X 17

k2b3040xb
8 bit
1024 X 1024

k2b3040xc .
8 bit
1024 X 1024

k2b3040xd
8 bit
1024 X 1024

k2b3040xdz
8 bit
1024x1024

k2b2240xa.·
8 bit
1024 X 1024

k2b2240xa.ser
a·bit
1024 X 1024 X 12

k2b36a.
8 bit
1024 X 1024
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k2b42a.z
8 bit
2048 X 2048

'k2b42a.

k2b42a.

8 bit

8 bit

512 X 512

1024 X 1024

k2b42a.z2
8 bit
2048 X 2048

k2b42a.z3
8 bit
2048 X 2048

2048 X 2048

k2b69a.
8 bit
1024 X 1024

k2b69b
8 bit
1024 X 1024

k2b69c
8 bit
1024 X 1024
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k2b42bz

-s bit

k2b69dz
8 bit
1024 X 1024

k2b69ez
8 bit
2048 X 2048

. k2b70az
8 bit
1024 X 1024

k2b73bz2
8 bit
1024 X 1024

k2b73c
8 bit
1024 X 1024

k2b70b
8 bit
1024 X 1024

k2b73bz
8 bit
1024 X 1024
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K2B390bz
8 bit
1024 X 1024

K2B446az
8 bit
1024 X 1024

1024 X 1024

K2B446cz1
8 bit

K2B446cz2
8 bit

K2B406az
8 bit

1024 X 1024

1024 X 1024

1024 X 1024

K2B460cz
8 bit

k2b42HMa
8 bit

1024 X 1024

2048 X 2048

K2B42HMb
8 bit
2048 X 2048

149

K2B446bz
8 bit

k2b13.HMa
8 bit
2048 X 2048

k2b13HMb
8 bit

k2b22HMa
8 bit

k2b22HMb
8 bit

2048 X 2048

2048 X 2048

2048 X 2048

k2b390e.
8 bit
1024 X 1024

k2b390e.z
8 bit
2048 X 2048

k2b390b
8 bit
1024x 1024
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k2b390cz
8 bit
1024 X 1024

k2b390dz
8 bit
1024 X 1024

k2b446ya
8 bit
1024 X 1024

k2b30ya
8 bit
1024 X 102'4

k2n30yaz
8 bit
1024 X 1024

k2b30ybz
8 bit
1024 X 1024

k2b30yd
·s bit
1024 X 1024

k2b42zstk
8 bit
1024 X 1024 X 21

k2b3.0a
8 bit
2048 X 20.48
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~

I

k2b30ya
8 bit

1024 X 1024

k2n30yaz . _
8 bit
1024 X 1024

k2b30ybz
8 bit
1024 X 1024

k2b30yd
8 bit
1024 X 1024

k2b42zstk
8 bit
1024 X 1024 X 21

k2b30a
8 bit
2048 X 2048

· K2830e.z
8. bit
2048 X 2048

k2b73769
8 bit
1024 X 1024

k2b13806
8 bit
1024 X 1024

152

k2b13806z

020'5k2b45

0205k2b45ss1

8 bit

8 bit

8 bit

1024 X 1024

1024 X 1024

512 X 512 X 26

0205k2b45b

0205k2b45bz

0205k2b13a

8 bit

8 bit

8 bit

1024 X 1024

1024 X 1024

1024 X 1024

0205k2b13bz2
8 bit

1024 X 1024
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CLSM DATA FROM KELLIS 2
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· M6d~.•_.;it "l·.RixelJ)epth
. . ·· !if:,
··

I

Vl
Vl

I

I

k2b13e.
I
k2b13b
k2b13bz
k2b13c
I
k2b132
I
k2b15a
I
k2b17e.
I
I
k2b22a
I
k2b22az
I
k2b22b
k2b22c
I
I
k2b22cz
I
k2b22cz2
k2b22d
I
k2b30z false ring I
k2b30z2 false rin9.....
k2b30 false ring
k2b30a
k2b30sec
I
k2b3040xa
k2b3040xb
I
k2b3040xc
I
k2b3040xd
I
k2b3040xdz
I
k2b2240xa
I
k2b2240xaser
I
k2b36a
I
I
k2b42a
k2b42a
I
k2b42az
I
k2b42az2
I
k2b42az3
I
k2b42bz
!

I

I

02/12/2002 , 01 :56:17 PM I
Plane
02/12/2002 , 02:05:21 PM
Plane
02/12/2002, 02:14:23 PM
Plane
02/12/2002, 02:24:36 PM I
Plane
I
02/12/2002 , 02:28:05 PM I
Plane
I
02/12/2002, 02:38:00 PM J . Plane
I
02/12/2002,02:45J2PM I
Plane
I
02/12/2002, 03:00:07 PM I
Plane
I
02/12/2002, 03:01 :DO PM. I
Plane
I
02/12/2002, 03:05:22 PM I
F:ie.ne
j
02L] 2{2Q02 , 03J 1:14 PM I
Plane
I
02/12/2002 , 03:20:52 PM I
Plane
I
02/12/2002 , 03:24:04 PM I
Plane
I
02/12/2002 , 03:29:12 PM I
Plane
[
02/13/2002, 02:13:39 PM J
Plane . ·- I
02/13/2002 , 02:16:54 PM
Plane
02/13/2002, 02:20:36 PM L_ Plane_
02/13/2002, 02:44:44 PM
Plane
Stack
02/13/2002 , 02:55:28 PM
02/13/2002, 03:13:31 PM I
Plane
02/13/2002 , 03:17:27 PM I
Plane
I
02/13/2002, 03:21 :13 PM_j
Plane .. L
02/13/2002 , 03:23:35 PM I
Plane
I
02/13/20Q? , 03:g__5:42 P~__J
Plane
I
02L13/2002 , 03:35 :02 PM I
Plane
I
02/13/2002 , 03:38:10 PM I
Ste.ck
I
02/15/2002, 10:37:08 AM I
Plane _ . L_
02/15/2002 , 10:48:27 AM I
Plane
I
02/15/2002, 10:54:37 AM I
Plane
I
02/15/2002 , 10:58:11 AM ~e.ne
L_
02/15/2002 , 10:59:23 AM I
Plane
I
02/15/2002 , 11 :01 :46 AM I
Plane
I
02/15/2002 , 11 :08:19 .A.M I
Plane
I

8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit .
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit

~fif'.:I; St~t:k 9ize ·-:
, (Pixel)

I

1024 x 1024
I 1302.7 µm x 1302.7 µm
1024x1024
1151 .5 m x 1151.5 m
2048 x 2048
184.3 µm x 184.3 µm
I 1024 x 1024
I 651 .3 µm x 651.3 µm
I 2048 x 2048
I 257.0 µm x 257.0 µm
I 1024 x 1024
I 1302.7 µm x 1302.7 µm
I 1024x1024
I 1151 .5µm x 1151.5µm
I 1024 x 1024
I 1302.7 µm x 1302.7 µm
I 1024 x 1024
I 341.0 µm x 341.0 µm
I 1024 x 1024
I 837.5 µm x 837.5 µm
I 2048 x 2048
I 1302.7 µm x 1302.7 µm
I 2048 x 2048
I 289.8 µm x_ 289.8 µm
I 2048 x 2048
I 204.7 µm x 204.7 µm
I 1024 x 1024
I 1302.7 µm x 1302.7 µm
I 1024 x 1024
I 195.3 µm x 195.3 µm
1024 x 1024
195.3 m x 195.3 m
1024 x 1024
195.3 µm x 195.3 µm
512 x 512
I
512 x 512 x 17
I 1024 x 1024
I 133.6 µm x 133.6 µm
U 024 x 1024
325.7 µm x 325.7 µm
I 1024 x 1024
I 325,lgrn x 325_1_µrl7_ _ __
J. 1.Qf4;,: 1~4 . ___ L 325.7 µm x 325.7 µm
I 1024 x 1024
I 98.0 µm x 98.0 µm
uog_4_ill24 _
[ 325.7 µm x 325.7 µm
I 1024 x 1024 x 12 I 106.8 µm x 106.8 µm x 106.7 µm
l 1024 x 1024
I 1023.6 µm x 1023.6 µm
I 512 x 512
I 1302.7 µm x 1302.7 µm
I 1024 x 1024
I 1302.7 µm x 1302.7 µm
l 2048 x 2048
I 387.1 µm x 387.1 µm
I 2048 x 2048
381.6 µm x 381 .6 µm
I 2048 x 2048
I 381 .6 µm x 381.6 µm __
! 2048 x 2048
! 651.3 µm x 651.3 µm

· •j*

· . f~ce.ling1>.; ·,
·

Objectiv~;.
J
1
·
I 1.27 µm x 1.27 µm
Plan-Neofluar 10_:,;1_0.3
1.12 m x 1.12 m
Plan-Neofluar10x/0.3
0.09 µm x 0.09 µm
Plan-Neofluar 20x/0.5
!
I 0.64 µm x ~~4 jll'l7_ _
L Plan-1\Jeofluar 20x/0.5
]
I 0.1 3 µm x 0.13 µm
I Plan-Neofluar 20~]:5 __ _J
I 1.27 µm x 1.27 µm
I Plan-Neoflue.r 10x/0.3
I 1.12µm x 1.12µm
I Ple.n-Neoflue.r10x/0.3
I 1.27 µm x 1.27 µm
I Plan-Neoflue.r 10x/0.3
I
I 0.33 µm x 0.33 µm
I Plan-Neofluar 10x/0.3
I
I 0.82 µm x 0.82 µm
I Plan-Neoflue.r 10_:,;1_0.3
I 0.64 µm x 0.64 µm
I Ple.n-Neofluar 10x/0.3
[ 0.14 µm x 0.14 µm
I Plan-Neoflue.r 10x/0.3
[ 0.10 µm x 0.10 µm
I Ple.n-Neofluar 1Dx/0.3
I 1.27 µm x 1.27 µm
I Ple.n-Neoflue.r 10x/0.3
I 0.19 µm x 0.19 µm
I Plan-Neoflue.r 1Dx/0.3
I
Plan-Neofluar 10x/0.3
i
Plan-Neofluar 1Dx/0.3
Ple.n-Neoflue.r 10x/0.3
Plan-Neofluar 1Ox/0 .3
I 0.13 µm x 0.13 µm
I Plan-Neofluar 40x/1 .3 Oil
I 0.32 µm x 0.32 µm
I Plan-Neofluar 40x/1 .3 Oil
[_0.32 µm x 0.32 µm
I Ple.n-Neoflue.r 40_:,;1_1 .3 Oil
I 0.32 µm x 0.32 µm
I Plan-Neoflue.r 40x/1 .3 Oil
I 0.10 µm x 0.10 µm
I Plan-Neofluar 40x/1.3 Oil
I 0.32 µm x 0.32 µm
I Plan-Neofluar 40x/U Oil j
I 0.10 µm x 0.10 µm x 9.70 µm I Ple.n-Neoflue.r 40_:,;1_1 .3 Oil
I 1.00 µm x 1.00 µm
I Plan-Neoflue.r 1Og'0.3
I 2.54 µm x 2.54 µm
I Plan-Neoflue.r 10x/0.3
I 1.27 µm x 1.27 µm
I Plan-Neofluar 1Dx/0.3
I 0.19 µm x 0.19 µm
I Plan-~eofluar 10x/0.3
I 0.19 J.lm x D.1~l!l
[ Plan-Neofluar 10_:,;I_0.3
I 0.19 µm x 0.19 µm
I Plan-Neofluar 10x/0.3
! 0.32 µm x 0.32 µm
Plan-Neofluar 10x/0.3
·

i>

Vl

°'

k2b69a
k2b69b
k2b69c
k2b69dz
k2b69ez
k2b70az
k2b70b
k2b73e.
k2b73b
k2b73bz
k2b73bz2
k2b73c
K28390bz
K28446az
K28446bz
K28446czl
K28446cz2
K28406az
K28460cz
k2b42HMe.
K2842HMb
k2b42HMc
k2b42HMdperfect
k2b13HMe.
k2b13HMb
k2b22HMe.
k2b22HMb .
k2b390e.
k2b390e.z
k2b390b
k2b390cz
k2b390dz

,;, ;\?:i;ffi];; . .

.,, \>
,, V
02/15/2002, 11 :16:43 AM
02/15/2002, 11 :24:19 AM
02/15/2002, 11 :29:35 AM
02/15/2002 , 11:33:03 AM
02/15/2002 , 11 :36:52 AM
02/15/2002, 11 :45:59 AM
02/15/2002 , 11 :47:30 AM
02/15/2002 , 11 :52:02 AM
02/15/2002 , 11 :56:40 AM
02/15/2002 , 11 :58:34 AM
02/15/2002 , 11 :59:47 AM
02/15/2002 , 12:08:28 PM
02/21/2002 , 03:37:57 PM
02/21/2002 , 03:41 :57 PM
02/21/2002, 03:45:08 PM
02/21/2002 , 03:46:25 PM
02/21/2002 , 03:47:26 PM
02/21/2002 , 03:52:32 PM
02/21/2002 , 03:59:40 PM
02/27/2002 , 02:52:44 PM
02/27/2002 , 03:06:22 PM
02/27/2002, 03:11 :45 PM
02/27/2002, 03:19:46 PM
02/27/2002 , 03:31 :33 PM
02/27/2002, 03:35:58 PM
02/27/2002 , 04:15:35 PM
02/27/2002 , 04:22:08 PM
03/01/2002 , 09:17:51 AM
03/01/2002 , 09:19:31 AM
03/01/2002, 09:23:06 AM
03/01/2002, 09:25:59 AM
03/01/2002 , 09:28:44 AM

L~ ·,

I
I
i

I
!

i
i
i

I
I

i
I

V

i1r;iql/;[ !'\AI" . . <''. '\Wry}\ •J Pixeil,. )

Plane
Plane
Plane
Plane
Plane
Plane
Ple.ne
Ple.ne
Plane
Plane
Ple.ne
Plane
Ple.ne
Plane
Ple.ne
Plane
Ple.ne
Ple.ne
Ple.ne
Plane
Plane
Plane
Plane
Ple.ne
Plane
Plane
Ple.ne
Plane
Ple.ne
Plane
Ple.ne
Plane

I

8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit

· ·•

· ·•;. "

I 1024 x 1024
i 1024 X 1024

I
!

I
I

I

!
i
i

I
i
I

I
I
i
I
i

I
I
i

I
I

i
i
I
i

i

I
I

I

i

1024 x 1024
1024 X 1024
2048 x 2048
1024 x 1024
1024 x 1024
1024 X 1024
1024 X 1024
1024 X 1024
1024 x 1024
1024 X 1024
1024 x 1024
1024 x 1024
1024 x 1024
1024 X 1024
1024 X 1024
1024 x 1024
1024x1024
2048 x 2048
2048 X 2048
2048 X 2048
2048 x 2048
2048 X 2048
2048 X 2048
2048 x 2048
2048 X 2048
1024 x 1024
2048 x 2048
1024 x 1024
1024 x 1024
1024 X 1024

I

.
.
(µm)
•;,;
h
1023.6 11m x 1023.6 11m
1023.6 11m x 1023.6 11m
1302.7 um x 1302.7 um
399.5 11m x 399.5 11m
270.0 11m x 270.0 11m
511 .8 11m x 511.8 11m
1023.6 11m x 1023.6 11m
1302.7 11m x 1302.7 11m
1302.7 11m x 1302.7 11m
488.3 11m x 488.3 11m
351 .1 11m x 351 .1 11m
1151.511m x 1151 .511m
614.2 11m x 614.2 11m
460.6 um x 460.6 um
658.1 11m x 658 .1 11m
658.1 11m x 658.1 l.lm
658.1 um x 658.1 um
658.1 µm x 6581 µm
650:1 11m x 6581 11m
325.7 um x 325.7 um
325.7 11m x 325.7 µm
325.7 11m x 325.7 11m
3?.5.7 11m x 325.7 11m
128.0 µm x 128.0 Um
325.7 11m x 325.7 11m
325.7 11m x 325.7 11m
325.7 11m x 325.7 11m
1302.7 µm x 1302.7 µm
483.3 11m x 483.3 11m
921 .3 11m x 921 .3 11m
460.6 11m x 460.6 um
271 0 µm x 271 .0 µm

.,

,

•·.

.;c, t

I

.

.

1.00 11m x 1.00 11m
1.00 11m x 1.00 11m
1.27 11m x 1.27 11m
0.39 11m x 0.39 11m
0.1 3 11m x 0.13 11m
0.50 11m x 0.50 Llm
1.0011m x 1.0011m
1.27 11m x 1.27 Llm
1.27 11m x 1.27 um
0.48 11m x 0.48 11m
0.34 11m x 0.34 11m
1.12 11m x 1.12 µm
0.60 11m x 0.60 11m
0.45 um x 0.45 11m
0.64 µm x 0.64 um
0.64 11m x 0.64 11m
0.64 11m x 0.64 11m
0.64 µm x 0.64 µm
0.64 11m x 0.64 11m
0.161.lm x 0.161.lm
0.16µmx0.16µm
0.16 11m x O16 11m
0.1611m x 0.1611m
0.06 11m x 0.06 um
0.1611m x 0.1611m
0.16 11m x 0.161.lm
0.1611m x 0.1611m
1.27 µm x 1.27 µm
0.24 11m x 0.24 11m
0.90 11m x 0.90 11m
0.451.lm x 0.451.lm
0.26 µm x 0.26 µm

\•

••i,

.

({' ·,. [,

Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neoflue.r 1Ox/0.3
Ple.n-Neofluar 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Plan-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0 .3
Ple.n-Neoflue.r 40x/1 .3 Oil
Ple.n-Neoflue.r 40x/1.3 Oil
Plan-Neoflue.r 40x/1 .3 Oil
Ple.n-Neoflue.r 40x/1.3 Oil
Ple.n-Neoflue.r 40x/1 .3 Oil
Ple.n-Neoflue.r 40x/1.3 Oil
Ple.n-Neoflue.r 40x/1.3 Oil
Ple.n-Neoflue.r 40x/1.3 Oil
Ple.n-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
Plan-Neoflue.r 1Ox/0.3
Plan-Neoflue.r 1Ox/0.3
Ple.n-Neoflue.r 1Ox/0.3
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k2b3bva . ··=·"
k2n30ye.z
k2b30ybz
k2b30vd
k2b42zstk
k2b30e.
K2B30e.z
k2b73769
k2b13806
k2b13806z
0205k2b45
0205k2b45ss 1
0205k2b45b
0205k2b45bz
0205k2b13e.
0205k2b13bz2
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03/01 /200 2>, 09 4;1 J1 AM
·
03/01/2002 , 09:42:54 AM
03/01/2002 , 09:46:27 AM I
03/01/2002, 09:49:33 AM
03/01/2002 , 10:19:22 AM
10/05/2001 , 10:12:43 AM
10/05/2001 , 10:19:55 AM
10/11/2001 , 11 :05:01 AM
10/11/2001 , 11 :10:08AM
10/11/2001 , 11 :11 :11 AM
02/05/2002 , 10:43:46 .A.M
02/05/2002 , 10:47:48 AM
02/05/2002 , 11 :28:32 AM
02/05/2002 , 11 :31:06 AM
02/05/2002 , 11 :35:22 AM
02/05/2002, 11 :39:50 AM
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Ple.ne
Ple.ne
Ple.ne
Ple.ne
Ste.ck
Ple.ne
Ple.ne
Ple.ne
Ple.ne
Ple.ne
Ple.ne
Ste.ck
Ple.ne
Ple.ne
Ple.ne
Ple.ne

1

"""' '""'', o_ep~ji' " :: St~ck Sii e ' · '.fj~
:1 (Pixel)
1024 x1024
8 bit
8 bit
1024 X 1024
8 bit
1024 X 1024
8 bit
1024 X 1024
8 bit
1024 X 1024 X 21
2048 X 2048
8 bit
8 bit
2048 X 2048
1024 X 1024
8 bit
1024 X 1024
8 bit
8 bit
1024 X 1024
1024 X 1024
8 bit
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512 X 512 X 26
1024 X 1024
8 bit
8 bit
1024 X 1024
8 bit
1024 x 1024
8 bit
1024 X 1024

f

':

Ste.ct Size 1il,,
(µrn )

'"

:s>

!<·

,,

921 .3 µm x921 .3 µm • -·····
230.3 um x 230.3 um
463.7 um x 463.7 um
1302.7 um x 1302.7 um
325.7 um x 325.7 um x 80.0 um
651.3 um x 651.3 um
185.8 um x 185.8 um
651 .3 um x 651 .3 um
493.5 um x.493.5 um
177.5 um x 177.5 um
230.3 um x 230.3 um
230.3 um x 230.3 um x 62.5 um
651.3 Um X 651.3 Um
272.1 um x 272.1 um
651 .3 µm x 651 .3 µm
208.7 µm x 208.7 µm
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'

Scali~g' ""r ';, .
.r.;c:s ......;...,

I
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!
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i
!

I
I

1
:. ; '. ••
_.,._

·

Objectiv~
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0.90 µm X 0.90 µm
Ple.n-Neoflue.r 1Ox/0.3
0.22 um x 0.2 2 um
Ple.n-Neoflue.r 1Ox/0.3
!
0.45 um x 0.45 um
: Ple.n-Neofluar 1Ox/0.3
1.27 um x 1.27 um
Ple.n-Neoflue.r 1Ox/0.3
0.32 um x 0.32 um x 4.00 um I Ple.n-Neoflue.r 40x/1.3 Oil
0.32 um x 0.32 um
I Ple.n-Neoflue.r 20x/O.
i
0.09 um x 0.09 um
I Ple.n-Neoflue.r 20x/O.
0.64 um x 0.64 µm
Ple.n-Neoflue.r 20x/O.
0.48 um x 0.48 um
Ple.n-Neoflue.r 20x/O.
0.17 um x 0.17 um
I Ple.n-Neoflue.r 20x/O.
0.22 um x 0.22 um
Ple.n-Neoflue.r 20x/0.5
0.45 um x 0.45 um x 2.50 um
Ple.n-Neoflue.r 20x/0.5
Ple.n-Neoflue.r 20x/0.5
0.64 Um X 0.64 Um
!
0.27 um x 0.27 um
Ple.n-Neoflue.r 20x/0.5
0.64 um x 0.64 um
I Ple.n-1\leoflue.r 20x/D.5
i
0.20 µm x 0.20 µm
Ple.n-Neoflue.r 20x/0.5
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CLSM IMAGES FROM KELLIS ANIMALS
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cow09a
8 bit

cow09bz
8 bit

1024 X 1024

512 X 512

cow09c
8 bit

cow09d
8-bit

cow82a
8 bit

1024 X 1_024

1024 X 1024

1024 X 1024

cow82b
8 bit

Goat82a
8 bit

GoatB2b
8 bit

1024 X 1024

.1024 X 1024

1024 X 1024
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Goe.t82c

Ge.zO1 0b-

8 bit

8 bit
1024 X 1024

1024 X 1024

Pig83b
8 bit
1024 X 1024

PigB3a
8 bit
1024 X 1024

160

ChickO9bz
8 bit
1024 X 1024

209cowSS1

8 bit
1024 X 1024 X 11

gazelle2B
8 bit
512 X 512

161

gazelle2Bb
· 8 bit
2048 X 2048

APPENDIX F

CLSM DATA FROM KELLIS ANIMALS
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S~~k Size

"Obj~ctive
.
,,,,

·(µlp;)

°'w

cowD9a
cowD9az
cowD9bz
cowD9c
cowD9d
cow82a
cow8 2b
Goat82a
Goat82b
GoatB2c
GazD1 Oa thick
GazD1 Ob
DonkeyC1a
DonkeyC1 az
DonkeyC10b
Pig83b
Pig83a
ChickD9bz
ChickA7az
ChickA7bz
ChickA7c
2D9cowSS1
gazelle28
gazelle2Bb
deercont608
deercont588
deercont713
gazelle28588
cowd9588
cow2b588
donkey1 a588
0205racoon1
0205deer

l
I

I
i

I
I

J
I

!
j
!

I

i

02/19/2002 , 01 :55 :44 PM
02/19/2002 , 01 :58:35 PM
02/19/2002, 02:02:35 PM
02/19/2002 , 02:07:39 PM
02/19/2002 , 02:11 :04 PM
02/19/2002, 02 :16:37 PM
02/1 9/2002 , 02: 26:23 P~A
02/19/2002 , 02:54:17 PM
02/19/2002 , 02 :57 :03 PM
02/19/2002 , 03:01 :39 PM
02/19/2002 , 03:11 :45 PM
02/19/2002 , 03:20:03 PM
02/19/2002 , 03:23:50 PM
02/19l2002, 03:24:50 PM
02/19/2002 , 03:28:24 PM
02/21/2002 , 03:05:16 PM
02/21/2002 , 03:03: 01 Ptv1
02/21/2002 , 03:16:30 PM
02/21/2002 , 03: 22:36 P~A
02/21/2002 , 03:27:29 PM
02/21/2002 , 03:29:23 PM
1Ol'Q512001 , 10:45:51 AM
10/11/2001 . 10:03:07 AM
10/11/2001 , 10:06:28 AM
10/11/2001 . 10:17:59 AM
10/11/2001 . 10:25:13 AM
10/11/2001 , 10:26:53 AM
10/11/2001, 10:37:41 AM
10/11/2001 , 10:43:45 AM
10/11/2001 , 10:47:38 AM
10/11/2001 . 10:49:50 AM
02/05/2002 , 11 :45:22 AM
02/05/2002 , 11 :55:55 AM

i

I
I

I
I
I

Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Stack
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane
Plane

8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit
8 bit

1024 X 1024
1024 X 1024
i 512 X 512
j 1024 X 1024
! 1024 X 1024
] 1024 X 1024
1 1024 X 1024
l 1024 X 1024
! 1024 X 1024
I 1024 x 1024
! 512 X 512
I 1024 x 1024
! 1024 X 1024
i 1024 X 1024
i 1024 X 1024
1024 X 1024
1024 X 1024
1024 X 1024
1024 X 1024
1024 X 1024
1024 X 1024
1024 X 1024 X 11
51 2 X 512
2048 X 2048
512 X 512
512 x 512
512 x 512
512 x 512
512 x 512
512 x 512
512 x 512
1024 X 1024
1024 X 1024

1302.7 µm x 13021J!m
L l1L!!t11_~.l2ZJ.lm
361 .2 µm x 361 .2 µm
i 0.35 µm x 0.35 µm
409.9 µm x 409 .9 µm
I 0.80 µm x 0.80 µm
1023.6 µm x 1023. 6 µm
! 1.00 µm x 1.00 µm
1302.7 µm x 1302.7 µm
I 1.27 µm x 1.27 µm
1043.1 µm x 1043.1 µm
1.02 µm x 1.02 µm
1151 .5 µm x 1151.5 µm
1.12 µm x 1.12 µm
1302.7 µm x 1302.7 µm
I 1.27 µm x 1.27 µm
1302.7 µm x 1302.7 µm
1.27 µm x 1.27 µm
1302.7 µm x 1302.7 µm
I 1.27 µm x 1.27 µm
651 J jl_l!l_X 6~J) µrn _
1,.27 µrn X 1.27 µm
1302.7 µm x 1302.7 µm
1.27 µm x 1.27 µm
1302.7 µm x 1302.7 µm
I 1.27 µm x 1.27 µm
412.2 µmx412 .2 µrn ____ J 0.40 µm x 0.40 µm
1302.7 µm x 1302.7 µm
1.27 µm x 1.2 7 µm
1302.7 µm x 1302.7 µm
I 1.27 µm x 1.27 µm
1302.7 µm x 1302.7 µm
I 1.27 µm x 1.27 µm
168.4 µm x 168.4 µm
0.16 µm x OJ§gm
708.7 µm x 708.7 µm
I 0.69 µm x 0.69 µm
837.5 µm x 837.5 µm
I 0.82 µm x 0.82 µm
837.5 µm x 837.5 µm
I ...Q~111_x 0.8.2µm
651 .3J!f'l1_x651 J_µrn x 39.0µm I 0.64 µm x 0.64 µm x 3.90 µm
651.3 µm x 651 .3 µm
1.27 µm x 1.27 µm
651 .3 µm x 651 .3 µm
0.32 µm x 0.3 2__µm
651 .3 µm x 651.3 µm
j. 1.27 b[m x 1.27 µm
651.3 µm x 651.3 µm
I 1.27 µm x 1.27 µm
651.3 µm x 651.3 µm
I 1.27 µm x 1.27 µm
651 .3 µm x 65_1_l_!!rrl__~~ -~ ~ .. I 1.27 µm x 1.27 µm
651.3 µm x 651.3 µm
I 1.27 µm x 1.27 µm
651.3 µm x 651.3 µm
I 1.27 µm x 1.27 µm
651.3 µm x 651.3 µm
j 1.27 µm x 1.27 µm
651 .3 µm x 651.3 µm
0.64 µm x 0.64 µm
651 Jµl'l1~651 J µm
0.64 µm x 0.64 µm

I

l
!

1

I

l

I

1

l

Pl an-Neofluar 1Ox/0.3
Plan-1\leofluar 1Ox/0.3
Plan-1\leofluar 1Ox/0.3
Plan-1\leofluar 1Ox/0.3
Plan-1\leofluar 1Ox/0.3
Ple.n-Neofluar 1Ox/0.3
Pl an-1\Jeofluar 1Ox/0.3
Plan-1\Jeofluar 1Ox/0.3
Ple.n-1\leofluar 1Ox/0.3
Plan-1\leofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-1\leoflue.r 1Ox/0.3
Plan-1\leofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-1\Jeofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Oxj0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 1Ox/0.3
Plan-Neofluar 20.>LO.
Plan-Neofluar 20x/O.
Plan-Neofluar 20x/O.
Plan-Neofluar 20x/O.
Plan-Neofluar 20x/O.
Plan-Neofluar 20x/O.
Plan-Neofluar 20x/O.
Ple.n-Neofluar 20x/O.
Plan-Neofluar 20x/O.
Plan-Neofluar 20x/O.
Plan-Neofluar 20x/0.5
Plan-Neofluar 20x/0.5

· APPENDIX G

TWO EXAMPLES OF THREE-DIMENSIONAL

CLSM IMAGES REPRESENTED IN SERIES FORM
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0 µm

12.0 µm

113.0 µm

~-·o O µm

!!l-8.0 µrn

~-2 .0 µrn

i]G.O µrn

!)O.O µrn

94.0 µrn

!l
r2 0 µrn

!l
r6 .0 µrn

aio o µrn

.!l-4 .0 µrn

'.;l8.0 µrn

JOµm

!!
·

n"'-4.0 µrn

48 .0 µrn

.0 µm
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